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    In the last decade or so, significant progress has been made with regard to the 
design, synthesis, and utilization of nanostructure materials. Among various systems, 
plasmonic metal-semiconductor nanocomposites have received broad interest due to 
their unique properties and broad applications. Metal-semiconductor nanocomposites 
have been used in the area of photocatalysts for solar energy conversion. However, up 
to now the nanostructure of plasmonic metal-semiconductor was limited. To enrich 
the plasmonic metal-semiconductor nanostructures and develop more applications, we 
designed and prepared metal/TiO2 and metal/SnO2 core-shell nanocomposites. This 
thesis mainly focused on their applications based on electron transfer mechanism 
between plasmonic metal and semiconductor. 
     In Chapter 2, a simple method was developed to prepare AuNR/TiO2 and 
Au/Ag/TiO2 core-shell nanomaterials and their photocatalytic activities were 
evaluated by methylene blue degradation under visible light. The presence of 
plasmonic metal NRs was found to enhance the photocatalytic activity of TiO2 either 
by visible light irradiation. The enhanced photocatalytic activity under visible light is 
believed due to effective light absorption by plasmonic metals, which subsequently 
inject the generated hot electrons to the conduction band of TiO2. The spatial charge 
separation prevents direct electron-hole recombination and consequently enhances the 
photocatalytic efficiency. 
      As mentioned, plasmonic metal-TiO2 nanocomposites are sensitizers for singlet 
oxygen generation. The singlet oxygen generation capability of AuNR/TiO2 core-shell 
nanostructure was evaluated in Chapter 3. AuNR/TiO2 was chosen because its SPR 
band can tuned to near-IR range. It was found that under continuous wavelength laser 
irradiation AuNR/TiO2 showed higher singlet oxygen generation efficiency either than 
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bare Au NR or TiO2. Compared to near-IR dye ICG, AuNR/TiO2 displayed higher 
photostability and efficiency and the low dark cytotoxicity of AuNR/TiO2 was 
examined by using XTT assay method. Further, we used AuNR/TiO2 as 
photosensitizer for near-IR light activated PDT in vitro on HeLa cell apoptosis.  
      SnO2, whose conduction band is a little positive than the reduction potential of 
H2O, was also combined with plasmonic metal. We applied this kind of composites 
for electron consumed experiments in water environment. Because there is no 
competition between H2O and reactants for electrons on the conduction band of SnO2. 
In Chapter 4, SnO2 coated AuNSs, AuNRs and Au/AgNRs have been successfully 
prepared by hydrolysis of Na2SnO3 under basic conditions. The mesoporous nature of 
the SnO2 shell was confirmed by the obvious redshift of LSPR band of these SnO2 
coated metal NPs with the increasing refractive index of the medium. And the 
mesoporous SnO2 shell allows the metal core to be directly exposed to the 
surrounding environment to maintain their catalytic activity. The catalytic activities of 
these core-shell NPs for reduction of 4-nitrophenol by NaBH4 were found to be 
dramatically enhanced compared to uncoated metal NPs. The enhanced catalytic 
activity was attributed to charge-redistribution between noble metal and SnO2, which 
helps to disperse electrons to a large area and increased capacitance behavior of SnO2 
coated metal NPs, which facilitate the reduction of 4-nitrophenol.  
    Besides of enhanced catalytic activity for 4-nitrophenol reduction experiment,  the 
AuNR/SnO2 core-shell nanocomposite was further used to prepare Au/Ag/SnO2 
nanocomposite. In Chapter 5, Au/Ag/SnO2 nanocomposites with different SPR have 
been prepared based on the electron transfer process between plasmonic metal and 
semiconductor under UV light irradiation. And the Au/Ag/SnO2 nanocomposite with 
SPR at 720 nm was found to show the highest sensitivity to the surrounding refractive 
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index, making it as good sensor for glutathione (GSH) molecular. And Au/SnO2/Ag 
nanocomposites were also prepared by visible light irradiation.  
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Chapter 1. Introduction 
    In the last decade or so, significant progress has been made with regard to the 
design, synthesis, and utilization of nanostructure materials. Among various systems, 
noble-metal nanoparticles (NPs) have received broad interest primarily due to their 
unique properties and applications in catalysis, photonics, electronics, and information 
storage.1-3 Up to now, many kinds of noble metal nanostructures such as Au or Ag 
NPs with controllable size and shape have been reported for different applications.4 
However, the development of noble metal nanomaterials in practical applications 
have suffered from serious stability problems due to easy aggregation,5 which may 
change their properties.6, 7 To stabilize the metal NPs, much effort has been done to 
immobilize metal NPs on supports such as: metal oxides, silica, carbon nanotube or 
polymeric materials which can be used to coat metal NPs to form core-shell 
nanostructure.8-10 These kinds of core-shell structures have attracted inmense attention 
in recent years, because they not only can stabilize the metal NPs, but also can 
incorporate new functionalities into the metal NPs.11  
    Semiconductors such as TiO2 or SnO2 play an important role in solar energy 
conversion and exploiting renewable energy.12 The combination of plasmonic metal 
and semiconductor is an outstanding strategy for multifunctional materials due to their 
unique optical and photocatalytic properties.13 In this chapter, we mainly introduce 
the plasmonic metal/semiconductor nanostructures including the prepartion strategies, 
interactions between plasmonic metal and semiconductor, properties and their 
multifunctional applications such as photocatalysis for dye degradation or H2 
generation, photosensitizing for photodynamic therapy and catalysis for organic 
reactions. At the end of this introduction, the objectives and scope of the research that 
I have conducted are briefly presented. 
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1.1 Plasmonic metal nanoparticles 
    Noble metal nanoparticles (NPs), such as Au and Ag NPs with diameter ranging 
roughly between 1 and 100 nanometers, have received great attention in the past two 
decades due to many unique optical properties. The most striking phenomenon of 
noble metal nanostructures is electromagnetic resonance due to the collective 
oscillations of the conduction electrons. As shown in Figure 1.1, when the size of 
metal NPs is much smaller than the wavelength of light, coherent oscillation of the 
conduction band electrons is induced by interaction with an electromagnetic field. 
This resonance is called surface plasmon resonance (SPR).14, 15  
 
Figure 1.1 Schematic of plasmon oscillation for a sphere, showing the displacement 
of the conduction electron charge cloud relative to the nuclei. 
SPR can be made to exhibit varying resonant wavelengths by tailoring the 
nanoparticle structural parameters, such as size, shape and spatial arrangement in an 
array.16, 17 For example, Figure 1.2 displays the Au NPs with different size and 
shape.18 And their corresponding extinction spectra show that Au nanospheres and 
nanocubes have one surface plasmon peak. In contrast, Au nanobranches, nanorods, 
and nanobipyramids exhibit two major surface plasmon peaks, which were ascribed to 
the electron oscillations along the transverse direction and longitudinal direction.19 
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Therefore, we can tune the resonant wavelength of metal NPs by controlling their 





Figure 1.2 (a) Representative TEM images of Au nanoparticles with different shapes 
and sizes. A: Nanospheres, B: Nanocubes, C: Nanobranches, D: Nanorods (aspect 
ratio ) 2.4 (0.3), E: Nanorods (aspect ratio) 3.4 (0.5), F: Nanorods (aspect ratio) 4.6 
(0.8), G: Nanobipyramids (aspect ratio) 1.5 (0.3), H: Nanobipyramids (aspect ratio) 
2.7 (0.2), I: Nanobipyramids (aspect ratio) 3.9 (0.2) and J: Nanobipyramids (aspect 
ratio) 4.7 (0.2). (b) Normalized extinction spectra correspond to nanospheres, 
nanocubes, and nanorods with aspect ratios of 2.4, 3.4 and 4.6, respectively. (c) 
Normalized extinction spectra correspond to nanobipyramids with aspect ratios of 1.5, 
2.7, 3.9, 4.7 and nanobranches, respectively. Reprinted with permission from ref. 18. 
Copyright 2008 American Chemical Society. 
    Besides of size and shape, the SPR band of metal NPs also relates to the refractive 
index of the medium based on the Mie's and Gan's theories.19, 20 As the study by Lee 
et al (Figure 1.3),21 the SPR peaks of Ag and Au nanocube generally red-shift as the 
refractive index of the surrounding environment is increased. When the plasmon shift 
was plotted as a function of the refractive index of the medium, an approximately 
linear dependence was observed. The linear fitting slope indicates the refractive index 
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sensitivities of the metal NPs.21, 22 The relationship between SPR band of metal NPs 
and refractive index of surrounding environment becomes the basis of SPR based 
molecular sensing, which has been utilized to detect a variety of moleculars, such as 
protein interactions,23, 24 metal ion sensing,25 and antigen-antibody binding.26, 27 And 
the refractive index sensitivity of noble metal nanocrystals is an important factor in 
their practical sensing applications. 
 
Figure 1.3 Shifts of the plasmon mode of the Au and Ag nanocubes as a function of 
the refractive index of solvent. The solid and hollow symbols represent the measured 
and calculated plasmon shifts, respectively. The lines are linear fits. Reprinted with 
permission from ref. 21. Copyright 2011 American Chemical Society. 
1.2 Semiconductor nanomaterials 
    The exploitation of renewable energy is one of the most challenged topics in the 
world.12 Sunlight, being an abundant and easily available energy resource, possesses 
great potential in driving environmental friendly transformations.28, 29 Harvesting and 
conversion of solar energy have attracted significant attention in many areas.12, 30 
Direct conversion of solar to chemical energy using photocatalysts has achieved great 
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progress in recent years.29 The most typical photocatalysts are semiconductors, whose 
photocatalytic mechanism is based on the charge separation induced by light 
irradiation.31 Upon irradiation with photons of energy higher than the band gap of 
semiconductor, charge separation occurs by electrons transferring to the conduction 
band and holes left in the valence band. The separated electrons and holes can migrate 
to the surface of semiconductors to catalyze the reaction.31 Compared to bulk 
semiconductors, nanosized semiconductors show more advantages due to their large 
surface area and unique properties. 32, 33  
 
Figure 1.4 The photocatalytic mechanism of semiconductor. 
    Semiconductor is a kind of material that is neither a good conductor nor a good 
insulator. The semiconductors are usually classified into n-type with excess of 
electrons and p-type with deficiency of electrons. An n-type semiconductor, such as 
TiO2, carries current mainly in the form of negatively-charged electrons. In contrast, a 
p-type semiconductor, such as NiO, carries current predominantly as electron 
deficiencies called holes, which have positive electric charges. Semiconductors have 




Figure 1.5 VB and CB for a range of semiconductors on a potential scale (V) versus 
the normal hydrogen electrode (NHE). 
    The photocatalytic mechanism of semiconductors is illustrated in Figure 1.4.31, 34, 35 
Once semiconductor is excited by photons, whose energy is larger than the band gap 
of semiconductor, the electrons are promoted to conduction band (CB) from the 
valence band (VB). This process will create high energy holes in the valence band. 
The electrons in the conduction band exhibit a mild reducing ability but the positive 
hole in the valence band are strongly oxidizing. So the electrons in the conduction 
band of semiconductor can be captured by molecular oxygen forming initially 
superoxide (O2-•), which further forms hydroperoxide radicals and other oxygen 
reactive species. Meanwhile the holes can scavenge H2O molecules on the surface of 
the nanoparticle to form OH• radicals. All of the radicals can attend the dye 
degradation process. And VB and CB for a range of semiconductors have been shown 
in Figure 1.5.12 
    TiO2 is a widely studied n-type semiconductor due to its superior photocatalytic 
activity, physical and chemical stability, nontoxicity, low cost and environmental 
compatibility.32, 34, 36 The conduction band of TiO2 is more negative that the reduction 
potential of H2O, indicating that the electrons on the conduction can be consumed by 
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H2O. They have been used as photocatalysts for environmental treatment, water 
splitting and solar cell for solar energy conversion.37-41 However, the applications of 
TiO2 are greatly hindered due to the following reasons: (I) Inability to utilize visible 
light: The band gap of TiO2 is about 3.2 eV and only UV light can be utilized. Since 
the UV light only accounts for about 4% of the solar radiation energy while the 
visible light contributes about 50%, the inability to utilize visible light limits the 
efficiency of solar photocatalytic activities; (II) Fast recombination of photo-
generated electron-hole pairs: electrons on conduction band can recombine with holes 
on valence band very quickly and release energy in the form of unproductive heat or 
photons.42-44 Therefore, various strategies have been developed to improve the 
photocatalytic efficiency of TiO2, such as doping of nonmetal atoms to narrow the 
band gap,45, 46 modifying with visible light excited organic dyes to absorb visible 
light,47 or combining with plasmonic metal NPs to reduce recombination or obtain hot 
electrons.48, 49  
    Tin oxide (SnO2) is another n-type semiconductor with a wide band gap of 3.62 eV, 
which also only can use UV light.50 Different with TiO2 (Figure 1.5), SnO2 stands for 
another kind of semiconductor, whose conduction band is a little positive than the 
reduction potential of H2O, indicating that the electrons on the conduction band 
cannot reduce water to H2. But this does not mean the applications of SnO2 will be 
limited. And due to its unique properties, SnO2 has other applications in optical 
electronic devices,51 gas sensors,52 and transparent conducting electrodes.53  
1.3 Plasmonic metal/semiconductor nanostructure 
Combining plasmonic metal NPs with semiconductor is an outstanding strategy to 
improve the photocatalytic efficiency of semiconductor due to the unique optical and 
electric properties of plasmonic metals.13, 54 The mechanisms of plasmonic 
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enhancement of the photocatalytic ability of semiconductors have been studied by 
several research groups.31 And electron injection mechanism, near-field enhancement 
mechanism and scattering mechanism have been proposed. 
1.3.1 Electron injection mechanism 
    Kamat's group has investigated the electron transfer process of Ag/TiO2 core-shell 
nanostructure under UV light irradiation.55 They found that the presence of the TiO2 
shell causes a red shift of the plasmon absorption peak. When they irradiated the 
Ag/TiO2 in ethanol with UV light, a blue shift in the plasmon absorption band could 
be observed. Upon exposure the Ag/TiO2 ethanol solution to air, the plasmon 
absorption reverts to a position close to the original absorption. The shift in the 
plasmon absorption was quick and could be reproduced during repeated cycles. And 
they explained this process by charge and discharge to the Ag metal core. The 
charging process is due to electron transfer from the conduction band of TiO2 to Ag. 
A similar phenomenon was observed in the Au/TiO2 system.56, 57 They further studied 
the role of noble metals in storing and shuttling photogenerated electrons from the 
TiO2 to an acceptor in a photocatalytic process based on the Fermi level shift by 
employing C60/C60- as a probe-redox couple. The following conclusion was obtained 
to explain how plasmonic metals enhanced the photocatalytic ability of TiO2 under 
UV light: the charge distribution between semiconductor and metal nanoparticles 
plays an important role in the photocatalytic reduction process. Not all of the 
photogenerated electrons migrate from semiconductor to metal; instead, some remain 
in the semiconductor particle as the two systems attain Fermi-level equilibration, as 
shown in Figure 1.6. The usefulness of plasmonic metal for improving the efficiency 





Figure 1.6 Charge distribution between TiO2 and Au NPs leading to equilibration 
with the C60/C60- redox Couple (a) in the absence and (b) in the presence of metal NPs. 
EF and EF' refer to the Fermi levels of TiO2 before and after attaining equilibrium, 
respectively. Reprinted with permission from ref. 56. Copyright 2003 American 
Chemical Society. 
    Several studies showed that under visible light irradiation plasmonic metal could 
also improve the photocatalytic efficiency of TiO2. Electron injection mechanism 
from semiconductor to plasmonic metal has been proposed for illustration. Akihiro et 
al. observed the injected electrons from the plasmon band of the gold nanodots to 
TiO2 by using femtosecond transient absorption spectroscopy (Figure 1.7).61, 62 Tian 
et al. detected the change of extinction spectra which verifies the charge separation at 
the plasmon-excited Au-TiO2 nanostructure followed by electron transfer from the 
excited gold particles to TiO2.42 Under visible light irradiation, hot electrons are 
generated in plasmonic metals due to the absorption of SPR band in the visible region. 
Subsequent electron injection into the conduction band of TiO2 leads to generation of 
holes in the plasmonic metal.42, 61 The electrons in the conduction band of TiO2 can be 
used for reduction reaction and the holes left on plasmonic can be used for oxidation 
reaction. Based on the injection mechanism, plasmonic metal can help TiO2 to utilize 
visible light and prevent direct recombination of electrons and holes to increase the 




Figure 1.7 Schematic diagram of a gold nanodot attaching on a TiO2 nanoparticle, 
also indicating the revealed electron injection process. Reprinted with permission 
from ref. 61. Copyright 2007 American Chemical Society. 
 
1.3.2 Near-field enhancement mechanism 
    The near-field enhancement mechanism was proposed by Awazu et al.63. They 
separated the semiconductor and plasmonic metal by thin, non-conductive spacers to 
prevent any direct charge exchange between the two building blocks. However, 
plasmon enhanced photocatalytic activity of semiconductors was still achieved. It's 
believed that energy transfer from the metal to the semiconductor can take place 
through this mechanism.12, 64 The near-field electromagnetic effect is influenced by 
the distance.65 
1.3.3 Scattering mechanism 
    The scattering mechanism applies to plasmonic metal with size larger than 50 nm.66 
The larger plasmonic metal NPs can increase the average path length of photons in 
semiconductor-plasmonic metal nanostructures, which is beneficial to electron–hole 
pair formation in the semiconductor. Here, the plasmonic nanostructure essentially 
acts as a nanomirror. Some resonant photons that are not absorbed by the 
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semiconductor could be scattered by the nanostructure, effectively giving those 
photons multiple passes through the system. 
1.4 Preparation of plasmonic metal-semiconductor nanostructure 
    The applications of plasmonic metal-semiconductor nanostructures are influenced 
by their size, shape and the organization of metal and semiconductor.64, 67 Many well-
controlled and efficient preparation methods have been developed to prepare 
plasmonic metal-semiconductor nanostructures for specific applications. In the 
following section, several typical methods used for plasmonic metal-semiconductor 
nanostructure fabrication will be introduced. 
1.4.1 Growth plasmonic metal on semiconductor surface  
 
Figure 1.8 Schematic illustration of the preparation protocol of core-shell SiO2/TiO2 
Nanostructures, where silica bead is coated with a thin layer TiO2 of 15-20 nm in 
thickness. Followed by decoration of the SiO2/TiO2 surface with Au NPs. Reprinted 
with permission from ref. 71. Copyright 2011 American Chemical Society. 
    Chemical deposition of metal NPs on the surface of TiO2 is the simplest technique, 
which is done by adsorption of metal precursors on the surface of TiO2 and followed 
by chemical reduction. For chemical deposition of Au on TiO2, sodium citrate 
(Turkevich method), sodium borohydride (Brust method) and other organic reductant 
are the most conveniently used reducing agents to get Au modified TiO2 
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nanostructures.68, 69 Besides of these methods, HAuCl4 can also be reduced under high 
temperature and appropriate pH environment. Deposition of Au NPs on P25 TiO2 was 
reported by Silva and colleagues.70 This deposition procedure is done at 343 K and 
pH=9 environments, after calcinations at high temperatures, Au NPs attached TiO2 
nanostructures were obtained. However, these methods lack the ability to control the 
shape of noble metal nanocrystals and the aggregation of metal NPs cannot be 
avoided, which may further limit their applications.32 To avoid the aggregation, 
another method was developed by bonding metal NPs to TiO2 with functional groups. 
As reported by Kochuveedu et al., Au NPs with controlled size and shape were firstly 
prepared by conventional methods and then linked to the surface of SiO2/TiO2, which 
is modified by (3-Aminopropyl)trimethoxysilane (APTMS) (Figure 1.8).71 This 
method avoids the aggregation of metal NPs and the ratio of metal NPs to TiO2 can be 
adjusted.  
1.4.2 Coating semiconductor shell on plasmonic metal  
    Coating metal oxide semiconductor such as Cu2O,72, 73 ZnO,74 TiO275 on plasmonic 
metal is another promising method to combine plasmonic metal and semiconductor.69, 
76 On one side, metal oxide semiconductor shell can prevent the metal NPs from 
aggregation; on the other side, versatile nanostructures can be obtained by coating 
different shapes of metal NPs.32 As such, metal/semiconductor core-shell 
nanostructures based on the requirements of applications can be purposely designed 
and synthesized. The metal/TiO2 core shell nanostructure is firstly reported by Liz-
Marza´n's group, they synthesized Ag core first and followed by hydrolysis titanium 
precursor to cap the Ag core.77 After that, similar methods are used to coat Au NPs by 
TiO2 shell.78 However, coating anisotropic metal nanostructure with TiO2 is difficult 
to get due to the fast nucleation of titanium precursor. Until two years ago, anisotropic 
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growth of Titania onto various gold nanostructures was achieved by Han's group, 
which enriches the types of metal/TiO2 core-shell nanostructures.79, 80 To get 
anisotropic structure, firstly, cetyltrimethylammonium bromide (CTAB) coated gold 
nanorods (NRs) were prepared by using a seed-mediated growth method.81 A ligand 
change process was followed by stirring the Au NRs with hydroxypropyl cellulose 
solution. At last, a titanium precursor was slowly hydrolysis in ammonium 
environment to get the geometry-controlled Au-TiO2 nanostructures.  
1.4.3 Template controlled process 
Besides of hydrolysis of titanium precursor directly on the surface of metal NPs, 
some other templates were used to prepare sandwich-type nanostructures.82 Zhang et 
al. prepared a sandwich-like structure composed of a SiO2/Au/TiO2 by sol–gel 
process.83 SiO2 particles with a diameter of approximately 400 nm were first 
synthesized as core and then modified by APTMS to adsorbed Au NPs, finally the 
Au/SiO2 composite colloids were over-coated with a layer of amorphous TiO2. The 
synergetic interaction of this structure can stabilize Au NPs.  
Polystyrene nanosphere were also used as template to prepare noble metal 
nanocrystal embedded hollow mesoporous oxide microspheres nanostructure.84 As 
shown in Figure 1.9, noble metal nanocrystals with controlled size and shape are 
firstly grown, followed by their adsorption to polystyrene nanospheres. In the next 
step, the polystyrene nanospheres carrying the pre-grown metal nanocrystals are 
incorporated into mesostructured TiO2 or ZrO2 microspheres through an aerosol-
assisted self-assembly process. Hollow mesoporous microspheres containing the 
metal nanocrystals are obtained after calcinations to remove the polystyrene 
nanospheres and surfactant and at the same time crystallize the metal oxide. The 
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Figure 1.9 (a) Schematic showing the preparation of the noble metal 
nanocrystal‐embedded hollow mesoporous oxide microspheres through the 
aerosol‐assisted self‐assembly process. (b) A: TEM image of Au NR; B: SEM image 
of polystyrene attached by Au NR; C and D: SEM image of Au nanorods embedded 
in TiO2. Reprinted with permission from ref. 84. Copyright 2013 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
 
1.4.4 Photo induced deposition method 
(a) (b)
 
Figure 1.10 (a) TEM image of Au-CdS hybrid nanorods formed after UV irradiation. 
(b) Sketch of the mechanism for photoinduced growth of large gold domains (yellow) 
on semiconductor CdS nanorods (light blue). Reprinted with permission from ref. 88. 
Copyright 2009 American Chemical Society. 
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Based on the optoelectronic property of semiconductor, electrons and holes are 
generated upon irradiation by UV light, which could be used to reduce metal ion and 
produce metal NPs on the surface of semiconductor. The reduction method has been 
the topic of extensive investigations since its first report by Bard and co-workers.85, 86 
TiO2-Pt, TiO2-Ag and TiO2-Au nanostructures are prepared respectively based on this 
photo-induced method.33, 87 Carbone et al grew large plasmonic gold domains on one 
side of CdSe(core)/CdS(shell) nanorods by UV light irradiation.88 The proposed 
mechanism is shown in Figure 1.10, once Au (III) was injected in the nanorods 
solution, small Au(0) domains firstly formed on rod surface. Upon UV irradiation, the  
electron generated in the CdSe/CdS semiconductor migrated to one of the metal tips, 
which can further reduce Au(III) to Au(0) forming big domains. Holes left on valance 
band were captured by the hole scavenger in solvent such as ethanol. The main 
drawback of this method is that the deposition is unstable, due to lacking strong 
interaction between the semiconductor surface and metal NPs. The formed 
nanoparticles might detach away from the semiconductor surface due to the 
mechanical disturbance. 
1.5 The application of plasmonic metal/semiconductor nanomaterials 
Semiconductor can stabilize metal nanoparticles and maintain their applications 
such as SPR based sensing.89 The combination of metal nanoparticles and 
semiconductor also can explore new applications due to their interactions. In the 
following section, I mainly introduce the applications of metal-semiconductor 
nanomaterials based on electron transfer mechanism, including topics on 
photocatalysis for dye degradation, water splitting for H2 generation, photodynamic 
therapy and catalysis for organic reaction.  
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1.5.1 Plasmoic metal/semiconductor for dye degradation 





















Figure 1.11 (a) C/C0 versus irradiation time plots for RhB photodegradation in the 
presence of different photocatalysts. (b) The proposed mechanism to explain the 
plasmonic metal enhancement. Reprinted with permission from ref. 90. Copyright 
2010 American Chemical Society. 
    The photocatalytic degradation of organic dyes or toxic pollutants is of great 
significance in environmental pollutant treatment, which is also a commonly used 
approach to characterize the efficiency of photocatalysts.28, 29, 36 As known, the 
photocatalytic efficiency of some semiconductors under sunlight is low due to the 
high electrons-holes recombination and the inability to use visible light. Plasmonic 
metals are used to improve the photocatalytic efficiency. Au/CdS core-shell 
nanoparticles have been synthesized by Yang et al.90 Their photocatalytic properties 
for photodegradation of rhodamine B (RhB) under light illumination have been 
studied. The results showed that Au/CdS nanoparticles displayed higher 
photodegradation efficiency than CdS (Figure 1.11). They attributed the enhancement 
to the effective electron transfer from CdS shell to Au core, which can reduce the 
recombination of electrons and holes. And the photogenerated holes would move to 
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the surfaces of CdS shell to oxidize water and produce hydroxyl radicals for further 
organic pollutants degradation. Therefore, the combination of plasmonic metal and 
semiconductor paves a new way to explore hybrid photocatalysts, which can 
effectively reduce the recombination. 
1.5.2 Plasmoic metal/semiconductor for H2 generation 
(a) (b)
 
Figure 1.12 (a) Proposed rationalization of the photocatalytic activity of Au/TiO2 
under UV light excitation; (b) Proposed rationalization of the photocatalytic activity 
of Au/TiO2 upon excitation of the Au surface plasmon band. Figures were redrawn 
according to ref.70. 
    Hydrogen as a green fuel is considered as an ideal renewable energy for the 
future.91 Splitting water by solar energy to get H2 is a meaningful and desirable 
project. So exploring photocatalysts for H2 generation attracts significantly 
attention.92 To be an effective photocatalyst for water splitting, the band gap of the 
semiconductor photocatalyst has to be greater than the theoretical dissociation energy 
of the water molecular (1.23 eV).38, 93 The conduction band of the semiconductor 
should be more negative than the reduction potential of H2O in order to form H2, and 
a more positive valence band level than the oxidation potential of H2O is required to 
form O2.12, 45 TiO2 was firstly used for photoelectrochemical hydrogen production by 
Fujishima and Honda.38 They connected TiO2 with platinum electrode through the 
external circuit, when irradiation the surface of TiO2 electrode with UV light, current 
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flowed from the platinum electrode to TiO2 electrode through the external circuit. The 
direction of the current reveals that the O2 evolution occurs at the TiO2 electron and 
the hydrogen evolution at the platinum electrode. However, relatively low efficiency 
under sunlight hindered the development of TiO2 as photocatalysts for H2 generation 
due to large bandgap.30  
    Various strategies are applied to improve the photocatalytic efficiency of TiO2 for 
H2 generation.94 Combining plasmonic metal with TiO2 is an effective way to enhance 
the photocatalytic ability of TiO2 for H2 generation.91 Silva et al studied the 
photocatalytic ability of TiO2-Au NPs for H2 generation under UV light and visible 
light in EDTA contained solution (EDTA: ethylenediaminetetraacetic acid, hole 
scavenge was used to consume the generated holes, with which the electron-hole 
recombination will be reduced and more free electrons can attend the H2 generation 
reaction).70 Their results showed that the Au NPs enhance the photocatalytic ability of 
TiO2 for H2 generation under both UV and visible light irradiation. They explained 
the enhancement by electron injection mechanism, as shown in Figure 1.12. Under 
UV light irradiation, TiO2 is excited, electron transfers to the conduction band of TiO2, 
it will move to the gold NPs acting as electron buffer and catalytic sites for hydrogen 
generation.56, 57 The holes will be quenched by EDTA. The electron transfer process 
can further reduce the recombination of electron and hole and increase the 
photocatalytic efficiency. Different processes happen when using visible light to 
irradiate the TiO2-Au NPs. Hot electrons generated on Au NPs can transfer to the 
TiO2 conduction band leading to the generation of holes in the Au nanoparticles. 
Electrons in the TiO2 conduction band are known to affect H2 generation and holes 
will be quenched by EDTA as sacrificial electron donor. 
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1.5.3 Plasmonic metal/semiconductor for photodynamic therapy 
Photodynamic therapy (PDT) is known as a medical treatment which combines 
light and photosensitizers to generate a cytotoxic effect to cancerous or diseased 
tissue.95 Photo-generation of singlet oxygen (1O2) plays important roles in the 
photodynamic therapy treatment of cancer.96 The photosensitizer is the key element 
for the application of PDT.97 It has been reported that TiO2 can generate 1O2 under 
UV light illumination.98 Several years later, generation mechanism was proposed and 
demonstrated.99, 100 O2 was reduced by photogenerated electrons in the conduction 
band of TiO2 to generate O2-•. Subsequent the O2-• was oxidized to 1O2 by 
photogenerated valence band holes or trapped holes.  
 
Figure 1.13 Plausible mechanism of 1O2 formation by plasmon induced electron-
transfer process. 
    Compared with other organic photosensitizer, TiO2 shows higher photothermal 
stability. However, the photogeneration of the 1O2 occurs only under UV light 
illumination due to the wide band gap of TiO2 (3.0 eV for the rutile phase and 3.2 eV 
for the anatase phase), which may harm the normal cell and tissue.101 Then the 
applications of TiO2 as photosensitizer in PDT will be limited. To overcome this 
limitation, plasmonic metal NPs (Au, Pt) are incorporated to TiO2 for visible light 
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harvesting.101, 102 It was found that Au NP-deposited TiO2 generates singlet oxygen by 
the excitation wavelength at the SPR of Au NPs. For TiO2-Au NPs, the featured 
phosphorescence peak at 1270 nm was detected under visible light excitation. But as 
control sample the bare TiO2 or bare Au NPs cannot generate 1O2. This confirmed that 
plasmonic metal could enhance the visible light driven photocatalytic activity of TiO2 
for 1O2 generation.  
    The proposed mechanism is shown in Figure 1.13. When visible light irradiates 
TiO2-Au nanostructures, hot electrons in Au NPs are energized due to surface 
plasmon resonance; the hot electrons then move to the conduction band of TiO2 due to 
the electron transfer process. After that the electrons in the conduction band of TiO2 
reduce the oxygen molecule in solution to form O2-•. Subsequently, O2-• is oxidized by 
the hole remaining on Au NPs, and converts to 1O2 or returns to the ground state of O2. 
These investigations indicated that the noble metal in TiO2-noble metal 
heterostructures can obviously promote the interfacial charge transfer process and also 
extend the light response to the visible light region.102 For PDT application, it is 
believed that metal/TiO2 core/shell nanostructure will be more preferable. As previous 
discussion, metal core can harvest visible light for TiO2 to generate singlet oxygen, 
with which metal NPs with near IR SPR could be introduced to this system for deep 
penetration PDT. What's more, other photocatalytic hydroxyl radicals and 
photothermal generation by plasmonic metal will also contribute to cancer cell 
killing.103  
1.5.4 Plasmonic metal/semiconductor as catalyst for organic reaction 
During the last two decades metal nanoparticles attract much attention in organic 
synthesis area due to their unexpectedly high catalytic activities toward different types 
of reactions, such as selective hydrogenations, oxidation reactions, C-C coupling 
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reactions.104, 105 The reaction that 4-nitrophenol is selective reduced by NaBH4 is 
usually used to evaluate the catalytic activities of metal nanoparticles due to easy 
detection by UV spectrometer.106 The kinetics of the reaction is modeled in terms of a 
Langmuir–Hinshelwood mechanism (Figure 1.14), where both reactants need to be 
adsorbed on the surface prior to reaction.107 The absorbed BH4- ions transfer electrons 
to the metal nanoparticle, which subsequently can be captured by 4-nitrophenol to 
form 4-aminophenol.108 To simplify the model, excess NaBH4 was usually used, so 
the rate of reduction is independent of NaBH4 concentration and only the 
concentration of 4-nitrophenol needs to be considered. As such, the catalytic 
conversion rates follow the first order kinetics.  
(a) (b)
 
Figure 1.14  (a) Mechanistic model of Langmuir–Hinshelwood mechanism for the 
reduction of 4-nitrophenol (4-NP) to 4-Aminophenol (4-AP) by NaBH4 in the 
presence of metal NPs. (b) The reaction process and corresponding UV featured peaks 
of reagents and production. 
    However, the progress of metal nanoparticles in real applications has been hindered 
by two limits: first, the easy aggregations caused by high surface energy and Van der 
Waals forces may lead to deactivation; second, difficult separation from reaction 
solution due to small size may hamper their recyclability.109 Many efforts have been 
done to overcome these drawbacks.110 Anchoring metal nanomaterials on supports is 
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an effective approach. Zhang et al anchored Ag nanoparticles on carbon nanofibers to 
stabilize the metal nanoparticles.111 The combined nanocomposites showed higher 
catalytic efficiency and better recyclability. They claimed the enhancement to the 
electron-enriched region caused by Fermi level alignment occurs whenever a metal 
and semiconductor are placed in contact. While, combining TiO2 semiconductor with 
Au nanoparticles did not obtain enhanced catalytic efficiency.112 These results 
indicate that semiconductor enhance the catalytic efficiency of plasmonic metal NPs 
are ambiguous and much further work needs to be done to clarify which kind of 
semiconductor can enhance the catalytic efficiency of plasmonic metal. 
1.6 Objectives and scope 
    Based on the introduction, combining plasmonic metal NPs with semiconductor is 
an outstanding strategy to explore novel and multifunctional materials for molecular 
sensing and solar energy conversion. However, the structure of metal-semiconductor 
is limited to spherical metal-semiconductor, which has relatively narrow tunable SPR 
range. To develop novel metal-semiconductor nanomaterials, it is necessary to 
explore more methods for preparing metal-semiconductor nanomaterials and extend 
their applications to a broad future. 
And the main aims of this thesis are: 
(1) Explore new methods to coat anisotropic metal nanostructure with TiO2 shell and 
prepare metal/TiO2 core/shell nanostructures. Hydrolysis of titanium precursor in the 
acidic environment was developed to coat TiO2 on Au NRs and Au/Ag NRs. And 
their photocatalytic activities under visible light were evaluated by photo-degradation 
of organic dyes.  
(2) Investigate photosensitizer with good biocompatibility and high photostability for 
photodynamic therapy. AuNR/TiO2 core-shell composites with SPR band centred at 
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808 nm were prepared. Their singlet oxygen generation capabilities activated by near-
IR light were examined.  
(3) Prepare metal/SnO2 core-shell nanomaterials and study their applications based on 
the mesoporous and permeable properties of SnO2 shell. Plasmonic metal/SnO2 
nanocomposites were applied to catalyze the 4-nitrophenol reduction experiments.  
(4) Control the Ag deposition on metal/SnO2 by light based on the electron transfer 
mechanism between plasmonic metal and SnO2. It was found that the Ag+ ion grew 
around the Au NR by UV light irradiation due to electron transfer from SnO2 to metal. 
In contrast, Ag was reduced on the surface of SnO2 due to the electron transfer from 
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Chapter 2.  TiO2-coated metal nanorods with enhanced photocatalytic activity 
under visible light irradiation 
2.1 Introduction  
    Photocatalysis using nanoparticles has potential applications in solar energy 
conversion, water splitting and treatment of environmental pollutants.1,2  Among 
various nanomaterials, TiO2 is one of the most widely used and promising 
photocatalysts for both basic research and practical applications because of its high 
activity, non-toxicity and chemical inertness. However, the photocatalytic efficiency 
of pure TiO2 under solar light is still low, mainly due to fast recombination of photo-
generated electron/hole pairs and inability to utilize visible light owing to its large 
band gap (3.2 eV). Only UV light can be utilized to activate the photocatalytic activity 
of pure TiO2. Since the UV light only accounts for ~4% of the solar radiation energy 
while the visible light contributes ~50%, the inability to utilize visible light limits the 
efficiency of solar photocatalytic activities of pure TiO2.3-5 Therefore, development of 
photocatalytic system that could utilize visible light irradiation is important for 
practical applications towards fulfilling future energy demands. Noble metal 
nanoparticles such as gold and silver have been utilized to improve the photocatalytic 
efficiency under visible light.5 Hirakawa et al.6 and Zhu et al7 have demonstrated that 
deposition of metal nanoparticles onto TiO2 nanostructures led to enhanced 
photocatalytic activity. The observed enhancement was not only due to the hot 
electrons generated by visible light excitation of localized surface plasmon resonance 
(SPR), but also due to the plasmon resonance enhanced local electric field of the 
incident light for improved efficiency.8 Moreover, noble metal nanoparticles possess 
electron storage properties which in turn facilitates improved charge separation in 
semiconductor-metal composite systems.4 
34 
 
    So far most of the previously reported metal–TiO2 composites were prepared by 
using spherical metal nanoparticles,6-10 which has relatively narrow SPR band and 
consequently limited absorption of solar light. The SPR band of noble metal NPs can 
be tuned from visible to near-infrared by controlling their size and shape.11-13 To fully 
utilize the visible light, design and preparation of noble metal-TiO2 nanocomposites 
with broad and tunable SPR is a new challenge. Furthermore, it is very difficult to 
coat metal nanoparticles with uniform TiO2 shell due to fast nucleation of TiO2 
nanoparticles. 
    Au nanorods (NRs) and Au/Ag core-shell NRs are good candidates for plasmon 
enhancement of photocatalytic efficiency due to their broad and tuneable SPR band 
from UV to near-infrared by controlling their size or the thickness of Ag shell.14 
Recently Zhi et al. reported hydroxypropyl cellulose surfactant induced anisotropic 
growth of TiO2 onto Au NRs for catalytic reduction of 4-nitrophenol.15 A very recent 
theoretical simulation by Jiang et al. showed that Ag NRs exhibit 3.5-6.8 times higher 
electric field enhancements over Au NRs.16 However, Ag NRs are not as stable as Au 
NRs. Au/Ag core/shell NRs would be a good alternative as they are quite stable and 
easy to prepare, and most importantly exhibit Ag NRs-like plasmonic properties.16 A 
recent study by Qu et al. showed that the plasmonic enhancement of photocatalytic 
activity of Pt/n-Si/Ag photodiodes using Au/Ag core-shell nanorods was better than 
Au NRs.17 Because the d -band center of bimetallic nanoparticles can be adjusted by 
varying the chemical composition to be closer to the Fermi level, these bimetallic 
nanoparticles tend to exhibit high activities towards O2 reduction reaction which 
result in formation of more O2-• to improve the photocatalytic efficiency.18 
    Herein we report a simple method for preparation of TiO2 coated Au NRs and 
Au/Ag NRs core-shell nanostructure. Their photocatalytic activities under visible light 
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irradiation were evaluated by photo-degradation of organic dyes in comparison with 
the commercially available P25-TiO2. The enhanced photocatalytic activity was 
believed due to hot electron transfer from noble metal to semiconductor (TiO2) shell, 
which was confirmed by reduction of Ag+ on the surface of TiO2 shell under visible 
light irradiation of the Au/Ag/TiO2 nanoparticles.  
2.2 Experimental Section 
2.2.1 Chemicals and materials  
    Hexadecyltrimethylammoniumbromide (CTAB) (98%), cetyltrimethylammonium 
chloride solution (CTAC) (25%), sodium borohydride (99%), Gold(III) chloride 
trihydrate (HAuCl4•3H2O) (99.9%) and titanium-(triethanolaminato) isopropoxide 
(N((CH2)2O)3TiOCH(CH3)2, TTEAIP) in isopropanol (80%) were purchased from 
Sigma-Aldrich.  Silver nitrate (AgNO3) and L- (+) -ascorbic acid was purchased from 
Alfa Aesar. De-ionized water was used in all the experiments. 
2.2.2 Preparation of Au nanorods (AuNRs) 
    Au NRs were prepared by using a previously reported seed-mediated growth 
method.19,20 The seed solution was first prepared by adding 250 μL of 0.01 M HAuCl4 
to 10 mL of 0.1M CTAB solution in a plastic tube. 0.6 mL of freshly prepared ice-
cold 0.01 M NaBH4 solution was quickly added and stirred for 2 min. The resulting 
brownish yellow solution was kept at room temperature for at least 2 h to be used as 
the seed solution. For seed-mediated growth, 2.0 mL of 0.01M HAuCl4 and 0.4 mL of 
0.01 M AgNO3 were added into 40 mL of 0.1 M CTAB solution and mixed by gentle 
shaking. 0.32 mL of 0.1 M freshly prepared L- (+) -ascorbic acid solution, 0.8 mL of 
1.0 M HCl, and 96 μL of seed solution were then added into the mixture sequentially. 
The reaction mixture was left undisturbed at least 6 h for longitudinal overgrowth. 
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Finally, CTAB capped Au NRs with longitudinal plasmon resonance band at 840 nm 
were obtained. The shorter Au NRs with longitudinal plasmon resonance band at 
655nm also prepared following the same procedure by just changing the amount of 
0.01 M AgNO3 to 0.12 mL.     
2.2.3 Preparation of Au/Ag core-shell nanorods (Au/Ag NRs) 
    Au/Ag core-shell NRs were prepared by using anisotropic silver shell formation on 
Au NRs in CTAC solution.14 The excess CTAB present the above prepared 840 nm 
Au NRs was first replaced with CTAC. Au NRs solution (2 mL) was centrifuged at 
8000 rpm for 10 min and the obtained precipitate was re-dispersed in 2 mL of CTAC 
solution (80 mM). This procedure was repeated three times. 2 mL of the obtained 
solution was then diluted to 10 mL of CTAC (80 mM). 0.5 mL of L- (+) -ascorbic 
acid solution (100 mM) and 170 µL of 0.01 M AgNO3 were then added. The resultant 
mixture solution was placed in an oven at 60 ºC for 3 h. The solution was 
subsequently cooled down to room temperature and centrifuged at 9000 rpm for 10 
min. Finally, the obtained Au/Ag core-shell NRs were re-dispersed in 2 mL of de-
ionized water. 
2.2.4 Synthesis of AuNR/TiO2 and Au/Ag/NR/TiO2 
    Au/TiO2 nanoparticles were prepared by the procedure briefly described as below: 
5 mL of CTAB stabilized Au NRs were washed with CTAC (0.08M) for three times 
and then diluted to 20 mL with deionized water. After 20 µL of 1M HCl was added, 
the solution was stirred for 30 min. 10 µL of TTEAIP in isopropanol (80%) was 
subsequently added into the solution, which was left under continuous stirring for 24 
h. The obtained Au/TiO2 nanoparticles was washed with deionised water twice and 
re-dispersed in 5 mL of ethanol. The Au/Ag/TiO2 NPs were prepared by following a 
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similar procedure by changing the ratio of starting materials. 4 mL of Au/Ag NRs 
dispersion were diluted to 20 mL with deionized water. 20 µL of 1.0 M HCl was 
added and the solution was stirred for 30 min. 16 µL of TTEAIP in isopropanol (80%) 
was then added to the solution, which was left under continuous stirring for 24 h. The 
prepared Au/Ag/TiO2 composite NPs were washed with deionised water twice and re-
dispersed in 4 mL of ethanol. 
2.2.5 The photocatalytic experiments for methylene blue degradation 
    The photocatalytic activities of Au/TiO2 or Au/Ag/TiO2 NPs were evaluated by 
photo-degradation of methylene blue (MB) using the procedure as described below. 
0.1 mg of Au/TiO2 or Au/Ag/TiO2  NPs solution (in 10 µL ethanol) was drop casted 
onto a 0.8 cm x 3 cm glass slide to form a thin film, which was immersed in the MB 
solution under visible light irradiation and removed during the measurement of UV-
Vis spectra of MB. After drying, the thin film was placed in a cuvette that contains 
3.0 mL of MB (1x10-5 M). The glass cuvette was placed in dark for overnight to reach 
an equilibrium adsorption level. The cuvette was then placed under visible-light (400-
750 nm) irradiation by using a xenon lamp. Optical filter was used to cut off the UV 
light and infrared components. The distance between the lamp and reactor was 15 cm 
and the power density at the position of reactor is ~38 mW·cm-2. The solution was 
under stirring during the illumination. The UV-Vis spectra were measured at every 15 
min interval of irradiation time for a total time of 180 min. The photocatalytic activity 
of commercial P25-TiO2 powder was also evaluated under the same experimental 
conditions for direct comparison. The P25-TiO2 film was prepared in the similar 
method by using 0.1 mg of commercial P25-TiO2. For the wavelength dependent 
experiments, 585±10 nm, 680±10 nm and 756±10 nm band pass filters were used 
respectively. The distance between the reactor and the lamp was adjusted to keep the 
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power density of ~0.4 mW·cm-2 at the position of reactor. 
2.2.5 Reduction of Ag+ ions on the Au/Ag/TiO2 by 633 nm laser light 
    Reduction of Ag+ ions on the Au/Ag/TiO2 surface: 0.5 mL of Au/Ag/TiO2 
composite nanoparticles in ethanol was diluted to 2.0 mL in a cuvette and then 20 L 
of 0.01M AgNO3 was subsequently added under continuous stirring. The oxygen 
molecules in the solution were removed by purging the solution with nitrogen for 5 
min before the cuvette was sealed quickly. The solution was irradiated with 633 nm 
helium-neon laser for 50 min with power density of ~5 mW·cm-2 at the position of the 
reactor. 
2.2.6 Instruments 
    The UV-visible extinction spectra were measured by using a Shimadzu UV 2550 
spectrometer. Transmission electron micrograph (TEM) images were taken by using a 
JEOL 2010 electron microscope and high resolution TEM images were recorded 
using a Philips CM 300 FEGTEM. Scanning electron microscopy (SEM) images were 
taken on a JEOL-JSM6701F Scanning Electron Microscope.  
2.3 Results and Discussion 
2.3.1 Characterization of metal nanorod/TiO2 nanocomposites 
    Figures. 2.1a and 1b show the TEM images of the prepared Au NRs and Au/TiO2. 
The prepared Au NRs are uniform in both diameter and length. The average length 
and diameter of the Au NRs are 51 and 22 nm with an aspect ratio of 2.3. The 
extinction spectrum of Au NRs (Figure 2.1d) displayed two SPR bands at 516 and 
655 nm, corresponding to their transverse and longitudinal SPR modes, respectively.19, 
20 The uniform TiO2 coating in Au/TiO2 core-shell NPs was confirmed by the TEM 
images as shown in Figure 2.1b. The thickness of TiO2 shell on Au NRs is ~4.5 nm. 
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High resolution TEM images of Au/TiO2 nanoparticles shown in Figure 2.1c indicate 
that the TiO2 shell is amorphous.21 The UV-vis extinction spectrum of the Au/TiO2 
core-shell composite nanoparticles in water (Figure 2.1d) displayed a longitudinal 
SPR band centered at 670 nm, which is slightly red-shifted compared to that of Au 
NRs due to an overall increase in the refractive index of the dielectric environment 
surrounding the Au NRs upon TiO2 coating.22  
























Figure 2.1 TEM images of Au NRs (a), Au/TiO2 core-shell nanoparticles (b), 
HRTEM image of Au /TiO2 (c) and their UV-vis extinction spectra are shown in (d).  
The TEM images of Au NRs used for preparation of Au/Ag core-shell NRs are 
shown in Figure 2.2a. The Au NRs shows the averaged length and diameter of 60 and 
15 nm, and aspect ratio of 4, which displayed SPR bands at 519 and 840 nm. Figures. 
2.2b and 2.2c show the TEM images of the prepared Au/Ag core-shell NRs and 
Au/Ag/TiO2 composite nanoparticles. The TEM images of Au/Ag NRs show that Au 
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NRs were uniformly coated with Ag shells with an average thickness of ~5 and 3 nm 
along the longitudinal and transverse directions. The boundary between Ag and Au 
can be clearly distinguished by the brightness contrast. The average length and 
diameter of the Au/Ag NRs are 66 and 25 nm, respectively.  


































Figure 2.2 TEM images of Au NRs for Ag shell coating (a), Au/Ag NRs (b), and 
Au/Ag/TiO2 core-shell nanoparticles (c) Their corresponding UV-visible extinction 
spectra are shown in (d).  
The longitudinal SPR band of the Au/Ag core-shell NRs (Figure 2.2d) blue-shifted 
to 650 nm, which can be ascribed to the change in the surrounding dielectric 
medium.23 A new SPR band appeared in the near UV region due to formation of silver 
shell.14 The uniform TiO2 coating in Au/Ag/TiO2 core-shell composite nanoparticles 
was confirmed by the TEM images as shown in Figure 2.2c, in which the boundary 
between Au, Ag and TiO2 shell can be clearly distinguished by the brightness contrast. 
The thickness of TiO2 shell on Au/Ag NRs is ~4.5 nm. The UV-vis extinction 
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spectrum of the Au/Ag/TiO2 core-shell nanoparticles in water (Figure 2.2d) displayed 
a longitudinal SPR band centered at 670 nm, which is slightly red-shifted compared to 
that of Au/Ag core-shell NRs due to an overall increase in the refractive index of the 
dielectric environment surrounding the Au/Ag NRs upon TiO2 coating.22 The SEM 
and corresponding EDS spectrum (Figure 2.3) confirm the composition of Au, Ag 
and Ti elements in the nanoparticles.  



















Figure 2.4 Digital photographs of Au NRs in water (a) and ethanol (b), Au/TiO2 
composite nanoparticle in ethanol (c), Au/Ag core-shell NRs in water (d) and ethanol 
(e), and Au/Ag/TiO2 composite nanoparticles in ethanol (f). 
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     These nanoparticles displayed different dispersing capability in different solvents. 
CTAC stabilized Au NRs or Au/Ag NRs can disperse well in water, but tend to 
aggregate in ethanol. It is interesting to note that the composite nanoparticles became 
well-dispersed in ethanol after coating TiO2, indicating that the Au NRs or Au/Ag 






















      with HCl for 48 hrs
(d)
 
Figure 2.5 (a, b) TEM images of Au/TiO2 (a) or Au/Ag/TiO2 (b) composite 
nanoparticles prepared with excess TTEAIP precursor. Addition of excess precursor 
led to formation of isolated TiO2 nanoparticles instead of the increase of the TiO2 
shell. (c) A typical TEM image of Au/Ag/TiO2 nanoparticles prepared in an ammonia 
environment, in which the Ag shell was partially etched by ammonia. (d) UV-vis 
extinction spectra of Au/Ag NRs before and after mixing with HCl under stirring for 
48 hrs. 
    This method uses TTEAIP hydrolysis in the acidic environment to prepare TiO2 
shell on CTAC stabilized Au NRs or Au/Ag core-shell NRs, in which optimum 
concentration of TTEAIP is very important for achieving uniform TiO2 shell. When 
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higher concentration of TTEAIP was used, TiO2 formed as isolated nanoparticles 
instead of coating on top of the nanorods (Figure 2.5). We have tested the stability of 
Au/Ag core-shell NRs in HCl media. After stirring the mixture of Au/Ag NRs and 
HCl of the same concentration as used in the reaction for 48 hrs, the UV-vis 
extinction spectrum of Au/Ag NRs did not show any observable change (Figure 2.5d). 
The TEM images further confirm that the thickness of Ag shell did not change before 
and after TiO2 shell coating. It was previously reported that growth of TiO2 on 
hydroxypropyl cellulose stabilized Au NRs in ammonia prefers to form an anisotropic 
Janus type geometry.15 We have also tried to coat Au/Ag NRs with TiO2 in ammonia 
media, while the Ag shell was etched by ammonia (Figure 2.5c). 
2.3.2 Photocatalytic activities of metal/TiO2 under visible light irradiation 
    The photocatalytic activities of the Au/TiO2 and Au/Ag/TiO2 composite 
nanoparticles were evaluated by degradation of methylene blue (MB) under visible 
light (400-750 nm) irradiation. The photocatalytic degradation of organic dyes or 
toxic pollutants is of great significance in environmental pollutant treatment, which is 
also a commonly used approach to characterize the efficiency of photocatalysts.17 
Figure 2.6a-2.6d shows that the UV–Vis absorbance spectra of MB at different 
irradiation time in the absence and presence of TiO2, Au NR/TiO2 and Au/Ag/TiO2 
nanoparticles. With Au/Ag/TiO2 nanoparticles as photocatalysts (Figure 2.6d), MB 
was found to gradually degrade under visible light irradiation. 86% of MB degraded 
after irradiating the sample for 180 min. The photocatalytic activities of Au/TiO2, 
commercial P25-TiO2 and direct photolysis of MB without any photocatalyst were 
also examined for direct comparison (UV-Vis spectra are shown in Figure 2.6a-2.6c). 
Only 50% of MB degraded with Au/TiO2 as the photocatalyst, 42% of MB degraded 
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when P25-TiO2 film was used and 33% of MB degraded under direct photolysis 
without any photocatalyst under visible light irradiation for 180 min.  
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Figure 2.6 UV-Vis absorption spectra of MB upon visible light (400-750 nm) 
irradiation for different time periods without any photocatalyst (a), in the presence of 
P25-TiO2 (b), Au/TiO2 (c), Au/Ag/TiO2 (d); Photo-degradation of MB under visible 
light irradiation in the absence and presence of photocatalysts (P25-TiO2, Au/TiO2 or 
Au/Ag/TiO2 nanoparticles) (e); The fitting results according to the Langmuir-
Hinshelwood model (f). 
    Figure 2.6e plots the percentage of degradation (C/C0) versus the irradiation time 
under different conditions, in which C is the absorbance of MB solution at each time 
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interval of irradiation and C0 is the absorbance of the initial concentration when the 
adsorption-desorption equilibrium was achieved. The degradation of dyes can be 
considered as a pseudo-first-order reaction using a simplified Langmuir-Hinshelwood 
model.10, 24 When C0 is small: ln(C0/C) = kt, where k is the apparent first-order rate 
constant. The apparent first-order rate constant k (Figure 2.6f) was calculated to be 
2.33x10-3 min-1 for direct photolysis, 3.06x10-3 min-1 for P25-TiO2 film, 3.73x10-3 
min-1 for Au/TiO2 film and 1.06x10-2 min-1 for Au/Ag/TiO2 film as the photocatalyst. 
The results indicate that Au/TiO2 and Au/Ag/TiO2 composite nanoparticles displayed 
higher photocatalytic efficiency than commercial P25-TiO2 of the same total mass, 
indicating enhanced photocatalytic activity due to the presence of plasmonic metals. 
The low photocatalytic efficiency of P25-TiO2 is due to its insufficient absorption of 
visible light. The photocatalytic efficiency of Au/Ag/TiO2 was found to be much 
higher than that of Au/TiO2. The photocatalytic activity was enhanced by the Ag 
coating. This is consistent with the previous theoretical simulation results that Ag 
NRs displayed higher electric field enhancements than Au NRs.16 The Fermi level of 
Au/Ag NRs became closer to that of TiO2 upon the Ag coating,18 which might also 
contribute to the observed enhanced photocatalytic activity. The reusability of the 
prepared Au/TiO2 and Au/Ag/TiO2 nanoparticles has also been tested in comparison 
with the commercially available P25-TiO2. 
    The photocatalytic activities of the nanoparticles right after preparation and three 
more cycles after three months (every 3 hrs) were measured (Figure 2.7). The 
photocatalytic activities of Au/TiO2, Au/Ag/TiO2 nanoparticles and P25-TiO2 of the 
last cycle maintained 90%, 80% and 75% of the original photocatalytic activity (three 
months ago), respectively. The results show that the reusability of the prepared 
Au/TiO2 and Au/Ag/TiO2 nanoparticles are slightly better than the commercial TiO2. 
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Figure 2.7 The reusability test of photocatalytic activities of Au/Ag/TiO2, Au/TiO2 
and P25-TiO2 nanoparticles. kn/k1 represent the change in the photocatalytic activities 
of each cycle (every three hours) compared to those three months ago. The results 
show that the reusability of the prepared Au/Ag/TiO2 and Au/TiO2 nanoparticles are 
slightly better than the commercial P25-TiO2. 
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Figure 2.8 (a) Photolysis activities of MB (hollow symbols) and photocatalytic 
activities for MB degradation using Au/Ag/TiO2 composite nanoparticles as the 
photocatalyst (solid symbols) under light illumination of different wavelength. (b) 
Wavelength dependent photocatalytic rate constants of Au/Ag/TiO2 were fitted. Inset 
shows the overlap between photocatalytic rate constant (red symbols) and the 
extinction spectra of Au/Ag/TiO2. 
 
    Wavelength dependent photocatalytic activities of Au/Ag/TiO2 have also been 
evaluated (Figure 2.8). After subtracting the minor contribution from the direct 
photolysis without photocatalyst (Figure 2.8a), the apparent first-order rate constant k 
was calculated to be 3.05x10-4 min-1 under 585±10 nm light irradiation, 4.86x10-4 
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min-1 under 680 ± 10 nm light irradiation and 3.78x10-4 min-1 under 756±10 nm light 
irradiation. Figure 2.8b inset shows that the trend of wavelength dependent k matches 
well with the extinction spectra of Au/Ag/TiO2. This further proves that the Au/Ag 
NRs are responsible for the enhanced photocatalytic activities.  
 
Scheme 2.1 Schematic representation for the mechanism of photocatalytic 
degradation of dyes upon visible light excitation. 
 
    The mechanism of enhanced photocatalytic dye degradation is proposed as shown 
in Scheme 2.1. Upon visible light irradiation, hot electrons are generated in Au/Ag 
NRs due to their strong absorption by SPR band in the visible region. Subsequent 
electron injection into the conduction band of TiO2 leads to generation of holes in the 
Au/Ag NR.25 The electrons in the conduction band of TiO2 can scavenge oxygen 
molecules to form very reactive superoxide radicals O2-•. O2-• then reacts with H+ to 
yield other active species such as HO2• or OH• radicals.26, 27 On the other hand, the 
holes scavenge the surface adsorbed water, generating highly reactive hydroxyl 
radical species. Both radicals are highly reactive for degradation of organic 
compounds such as MB.28-32 Upon visible light excitation of Au/Ag NRs in 
Au/Ag/TiO2 nanoparticles, the generated hot electrons were subsequently transferred 
to the TiO2 shell. The spatial charge separation prevents direct recombination of 
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electrons and holes to increase the photocatalytic efficiency. This mechanism was 
further confirmed by the excellent overlap between the wavelength dependent photo-
degradation rates and the extinction spectra of Au/Ag/TiO2 nanocomposites (Figure 
2.8b inset). 
2.3.3 Mechanism study  
    Plasmonic metals have been previously utilized to assist the photocatalysis of 
semiconductor nanocrystals by absorption of a broad range of solar light and 
subsequent injection of photo-excited electrons from the metal NPs into the 
conduction band of TiO2 particles.26, 28 However, evidence in support of the proposed 
charge transfer mechanism has been rarely reported. To prove this proposed electron 
transfer mechanism, we have utilized the hot electrons generated by photo-induced 
charger transfer to reduce the silver ions that were added externally. UV-irradiated 
TiO2 surface was known able to reduce metal ions.4, 31 The reduction of metal ions can 
be utilized to probe the generated hot electrons. AgNO3 was added into the ethanol 
solution of Au/Ag/TiO2 nanoparticles under irradiation with a 633 nm helium-neon 
laser. The solution was purged with N2 to remove oxygen to avoid quenching the 
generated hot electrons by reaction with the oxygen molecules present in the solution. 
Ethanol acted as a hole-scavenger to prevent direct electron-hole recombination.4 
Under 633 nm laser irradiation for 50 min, formation of Ag NPs can be clearly 
observed from the TEM images shown in Figure 2.9a. Comparison of the extinction 
spectra before and after visible light irradiation (Figure 2.9b) indicates a clear 
extinction increase in the range of 350 to 600 nm, which is due to formation of 
additional Ag nanoparticles on the surface of Au/Ag/TiO2 composite nanoparticles. 
This can be understood by the mechanism shown in Scheme 2.2. When Au/Ag/TiO2 
composite nanoparticles are irradiated with the 633 nm light, Au/Ag NRs are photo-
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excited and subsequently injected the generated hot electrons into the conduction 
band of the TiO2 shell. These electrons were captured by Ag+ ion, which were 
reduced to form Ag particles on the surface of TiO2. The formed Ag NPs might 
detach away from the TiO2 surface due to the mechanical disturbance before the TEM 
measurements. The possibility of direct excitation of TiO2 can be excluded since the 
band gap of TiO2 is too large to absorb the 633 nm light. 



















Figure 2.9 (a) The TEM images of the formed Ag particles on the surface of 
Au/Ag/TiO2 NPs after visible light irradiation for 50 min. (b) UV-Vis extinction 
spectra of Au/Ag/TiO2 composite nanoparticles before and after irradiation with 633 
nm laser for 50 min. The increased intensity at the 350-600 nm range indicates the 
formation of additional Ag NPs. 
 
Scheme 2.2 Schematic representation of 633 nm laser induced reduction of silver ions 
on the surface of Au/Ag/TiO2 nanocomposites. 
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    Previously Silvia et al. reported the preparation of small gold clusters in TiO2 
matrix to improve photocatalytic efficiency for water splitting.25 Spherical gold 
nanoparticles have narrow SPR band and only absorb a small portion of visible light, 
limiting their photocatalytic efficiency. Our TiO2 coated Au/Ag NRs have broad and 
tunable SPR band in the visible range, which allows absorption of a broad range of 
the visible light. We have compared the photocatalytic activities of Au/Ag/TiO2 NPs 
and the mixture of Au/Ag NRs and P25 TiO2 (Figure 2.10). The results show that the 
photocatalytic activity of the mixture was very close to that of the pure TiO2, both of 
which were significantly lower than the Au/Ag/TiO2 composite nanoparticles. This 
result confirms that the close contact between the plasmonic metal and TiO2 in the 
core-shell structure allows efficient electron transfer, which improves the 
photocatalytic efficiency. Our method of coating TiO2 shell on Au/Ag NRs opens a 
new path for development of plasmonic metal-semiconductor nanostructures with 
enhanced visible light photocatalytic activity. 
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Figure 2.10 Photo-degradation of MB under visible light irradiation in the absence 
and presence of photocatalysts (P25-TiO2, Au/TiO2, Au/Ag/TiO2 or mixture of Au/Ag 




In summary, a simple method was developed to prepare uniform TiO2 coating on 
Au NRs and Au/Ag core-shell NRs and their photocatalytic activities were evaluated 
by the degradation of methylene blue under visible light irradiation. The presence of 
plasmonic metal NRs was found to enhance the photocatalytic activity of TiO2 under 
visible light irradiation. In particular, the bimetallic Au/Ag NRs displayed 
significantly enhanced visible light photocatalytic efficiency. The enhanced 
photocatalytic activity is believed due to effective light absorption by Au/Ag NRs, 
which subsequently inject the generated hot electrons to the conduction band of TiO2. 
The spatial charge separation prevents direct electron-hole recombination and 
consequently enhances the photocatalytic efficiency. We have further proved this 
electron transfer mechanism by 633 nm light induced reduction of silver ions on the 
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Chapter 3. Au NR/TiO2 composite as photosensitizer for near-IR light induced 
singlet oxygen generation 
3.1 Introduction 
    Photodynamic therapy (PDT) is a non-invasive cancer therapy technique that 
combines photosensitizers (PS), oxygen and light to generate a cytotoxic effect to 
cancerous or diseased tissue.1, 2 Photosensitizer can be activated by using an 
appropriate wavelength light to produce reactive oxygen species such as singlet 
oxygen (1O2),3-5 which is a highly oxidative species and can react with many 
biological molecules, including lipids, proteins, and nucleic acids.1, 6 Up to now, many 
kinds of photosensitizers such as rose bengal,7, 8 porphyrins derivatives2, 9, 10 and 
transition metal complexes11-13 have been investigated for singlet oxygen (1O2) 
generation.14 However, their applications in PDT were hindered by the low singlet 
oxygen generation efficiency and poor photo-stability. 14 
Nanomaterials such as quantum dots (QDs),15, 16 ZnO17, Si18 and TiO219, 20 have 
been proposed to act as nano-photosensitizers due to their high resistance to photo-
degradation. The mechanism for singlet oxygen generation by semiconductors have 
been studied by Nosaka et al.19, 21 Upon light irradiation with appropriate energy, 
electrons are promoted to the conduction band of semiconductor and hole is left on 
the valance band. The electron on the conduction band can reduce the O2 in the 
system to produce O2-• radical, subsequently the generated radical can be oxidized by 
the hole on the valance band yielding 1O2, which is generally ignored in 
photocatalytic areas due to the short lifetime compared to that of active oxygen 
species such as hydroxyl radicals and superoxide anion.22 Although nanomaterials can 
act as photosensitizer to generate singlet oxygen, they have their own drawbacks in 
biological applications such as high toxicity of QDs and UV activated ZnO and TiO2, 
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which will damage the healthy cells or tissues. For effective therapy to cancer cell or 
diseased tissue, the useful range of wavelengths to active the photosensitizer is also a 
key factor for consideration. Near-IR light falls into biological tissue transparency 
window (700–1000 nm), which can avoid the interference by endogenous 
chromophores within the body and still maintain enough energy for the generation of 
cytotoxic species.2, 23, 24 So exploration near-IR light activeable photosensitizer with 
high photostablity and low toxicity is necessary for PDT with high efficiency.  
Metal nanoparticles (NPs) such as Au and Pt were recently combined with 
semiconductors for singlet oxygen generation, in which metal nanoparticles (NP) can 
absorb visible light and transfer hot electrons to semiconductors.25, 26 However, the 
rarely reports were limited to the spherical metal-semiconductor nanostructure, which 
still cannot use near-IR light for PDT. To develop photo-stable and near-IR light 
active photosensitizer, Au nanorods (NRs) is a good candidate to combine with 
semiconductor due to the tunable LSPR band from UV to near-infrared range by 
controlling their size.27 Actually, the singlet oxygen generation capability of bare Au 
NRs has been evaluated, and their singlet oxygen generation efficiency under one 
photon laser irradiation is low.28 Furthermore, the high toxicity of directly prepared 
Au NRs also limits their future applications.29, 30  
To develop high efficiency and one-photon near-infrared light activated 
photosensitizers, we designed the AuNR/TiO2 core-shell nanostructure and study their 
capabilities for singlet oxygen generation. Au NR was chosen because it can be easily 
controlled to absorb near-IR light. The core-shell structure was designed to avoid the 
direct contact of Au NR and cell to reduce the cytotoxicity.   
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3.2 Experimental sections 
3.2.1 Chemicals and materials  
    Hexadecyltrimethylammoniumbromide (CTAB, 98%), cetyltrimethylammonium 
chloride solution (CTAC, 25%), sodium borohydride (NaBH4, 99%), titanium-
(triethanolaminato) isopropoxide (N((CH2)2O)3TiOCH(CH3)2, TTEAIP) in 
isopropanol (80%), 9,10-anthracenediyl-bis(methylene) dimalonic acid (ABDA) and 
gold(III) chloride trihydrate (HAuCl4•3H2O, 99.9%) were purchased from Sigma-
Aldrich. Silver nitrate (AgNO3) and L- (+) -ascorbic acid were purchased from Alfa 
Aesar. De-ionized water was used in all the experiments. 
3.2.2 Preparation of AuNR/TiO2  
    AuNRs were prepared by using a seed-mediated growth method,27 which is similar 
with the method described in Section 2.2.2. Differently, we added 0.29 mL of AgNO3 
(0.01 M) to get Au NR with SPR at 796 nm. AuNR/TiO2 nanoparticles were prepared 
by hydrolysis the titanium precursor on the surface of the obtained Au NR in acidic 
environment followed the section of 2.2.4.31  
3.2.3 Detection of singlet oxygen generation 
    Singlet oxygen generation was evaluated by using both luminescence and chemical 
methods. The characteristic luminescence of singlet oxygen was monitored by using 
the Jobin-Yvon Fluorolog-3 iHR spectrofluorometer equipped with a NIR sensitive 
photomultiplier (Hamamatsu R5509-72) operated at -80 ºC. An 850 nm long-pass 
filter was placed before the detector to remove the contamination of excitation and 
high order emission signals in the visible range. Singlet oxygen generation could also 
be evaluated by monitoring chemical oxidation of ABDA. ABDA can react 
irreversibly with singlet oxygen and result in a decrease of ABDA absorption band.32 
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The mixture of AuNR/TiO2 and ABDA was irradiated by CW laser at 808 nm and 
their absorbance of the solution was recorded each 15 min by using a Hitachi UH5300 
UV-Vis spectrometer. 
3.2.4 Cytotoxicity experiment  
    The cytotoxicity experiment of AuNR/TiO2 was determined by using a colorimetric 
XTT cell viability assay. HeLa cell line was used as model system to test the toxicity 
of AuNR/TiO2. HeLa cancer cells were incubated in Dulbecco's modified Eagle 
medium (DMEM), which contains 10% fetal bovine serum, 100.0 mg/L streptomycin 
and 100 IU/mL penicillin. The HeLa cells were kept at 37 ºC in a humidified 
atmosphere with 5% CO2. In the cytotoxicity test experiments, HeLa cancer cells 
were plated onto 96-well plates and grown for 24 h before 10 µL of AuNR/TiO2 NPs 
or bare Au NRs with different concentrations were added into different wells. The 96-
well plate was then maintained at 37ºC for 24 h. After the XTT regent was added to 
each well, the absorbance of the cell suspension treated with AuNR/TiO2 NPs or bare 
Au NRs were compared to the untreated wells and their cell viability was determined 
(read at A460nm-A650nm) by using a microplate absorbance reader. 
3.2.5 Photodynamic therapy activity on cancer cells 
The near IR light induced photodynamic therapy activity on Hela cancer cells 
was evaluated according to the following procedures: HeLa cancer cells were placed 
in a 96-well plate, grown to 70–80% confluence, and then treated with AuNR/TiO2 
NPs or P25 TiO2 (the same total mass with AuNR/TiO2 NPs) suspension for 4 h in 
DMEM. The media was aspirated to replace with fresh DMEM media to remove the 
NPs. After the cells were exposed to 808 nm CW laser beam with an energy intensity 
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of 3.0 Wcm-2, the 96-well plate was returned to the incubator and cell viability was 
colorimetrically measured with the XTT assay. 
3.2.6 Instruments 
    The UV-visible extinction spectra were measured by using a Hitachi UH5300 
spectrometer. Transmission electron micrograph (TEM) images were taken by using a 
JEOL 2010 electron microscope. X-ray diffraction (XRD) patterns were collected by 
using a Bruker GADDS D8 Discover diffractometer with CuKa radiation (1.5418Å). 
3.3 Results and Discussion 
3.3.1 Material preparation and characterization 
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Figure 3.1 TEM images of Au NRs (a), Au/TiO2 core-shell NPs (b), their 
corresponding UV-visible extinction spectra (c) and XRD (d). 
    The TEM images and extinction spectra of AuNRs and AuNR/TiO2 are shown in 
Figure 3.1. The average length and diameter of the Au NRs are 69 and 20 nm with an 
60 
 
aspect ratio of 3.45. The extinction spectrum of Au NRs displays two LSPR bands at 
512 and 796 nm, which correspond to their transverse and longitudinal LSPR modes, 
respectively.33 The TEM image of AuNR/TiO2 core-shell NPs confirmed the uniform 
TiO2 coating on Au NR with an average thickness of ~4.5 nm. The UV-Vis extinction 
spectrum of the AuNR/TiO2 core-shell NPs in water (Figure 3.1c) displayed a 
longitudinal LSPR band centred at 808 nm, which is slightly red-shifted compared to 
that of Au NRs due to an overall increase in the refractive index of the dielectric 
environment surrounding the Au NRs upon TiO2 coating.34 The XRD of Au NR and 
AuNR/TiO2 core-shell NPs are shown in Figure 3.1d. For AuNR/TiO2 core-shell 
nanostructure, only the diffraction peaks of gold were observed but not those of TiO2, 
indicating the amorphous nature of TiO2.35  
3.3.2 Singlet oxygen generation 















Figure 3.2 Luminescence spectra of singlet oxygen generated by AuNRs and 
AuNR/TiO2 in D2O under CW laser excitation at 808 nm for 10 seconds. 
Singlet oxygen is (1O2) has been known to play the key role in killing cancer cells 
in photodynamic therapy (PDT) treatment. TiO2 was been demonstrated capable of 
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singlet oxygen generation and could act as potential photosensitizers. However, large 
band gap of TiO2 allows UV excitation only, which is not favorable for PDT 
applications due to the limited tissue penetration depth of UV light. It is desirable to 
extend the excitation wavelength to near-IR arrange to allow deep penetration and 
even in-vivo applications. AuNR/TiO2 NPs can overcome this problem considering its 
SPR band at 808 nm, which allows near-IR excitation. The singlet oxygen generation 
capability of AuNR/TiO2 NPs was examined by monitoring the characteristic 
emission peak of singlet oxygen at ~1270 nm in D2O solvent.14 As shown in Figure 
3.2, AuNR/TiO2 NPs displayed strong characteristic singlet oxygen emission band at 
׽1270 nm under the excitation wavelength of 808 nm. In contrast, Au NRs or TiO2 
alone gave negligible mission peak ~1270 nm in the same experimental conditions. 
As TiO2 cannot be directly excited by 808 nm light, the observed singlet oxygen 
generation arises from excitation of LSPR band of AuNR/TiO2 NPs. 
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Figure 3.3 Absorption spectral change of ABDA in the presence of AuNR/TiO2 (a) 
and the enlarged area between 350 nm to 410 nm (b). 
The singlet oxygen generation capability of AuNR/TiO2 under CW laser 
excitation at 808 nm was further evaluated by a chemical method using 9,10-
62 
 
anthracenediyl-bis(methylene) dimalonic acid (ABDA) as singlet oxygen probe. 
ABDA can react irreversibly with singlet oxygen to yield an endoperoxide, causing a 
decrease of ABDA absorption at 380 nm. The change in absorbance of ABDA at 380 
nm in the presence of photosensitizers under the laser irradiation could be utilized to 
monitor the time-dependent singlet oxygen generation. Figure 3.3 shows that 
absorption band of ABDA steadily decreased in the presence of AuNR/TiO2 under 
CW laser at 808 nm (50 mW). Figure 3.4a summaries the photo-degradation rate of 
ABDA in the presence of different NPs, where C0 and C is the initial concentration 
and time dependent concentrations of ABDA at 380 nm. The ABDA concentration 
was determined by its absorbance at 380 nm based on Lambert-Beer law. It can be 
seen that the photo-oxidation rate of ABDA in the presence of AuNR/TiO2 is much 
higher than that in the presence of Au NRs or P25 TiO2 NPs alone under the same 
experimental conditions. After 808 nm CW laser irradiation for 75 min, the 
concentration of ABDA in the presence of AuNR/TiO2 decreased to 85% of the initial 
amount. The ABDA solution did not show any discernable photo-oxidation in the 
absence of any nanoparticles, suggest that the observed photo-oxidation is not due to 
photo-bleaching.36 We have done experiments to clarify the contribution of the 
adsorption to the observed photo-oxidation of ABDA in the presence of AuNR/TiO2 
by keeping the mixture of AuNR/TiO2 and ABDA in dark environment without any 
light irradiation (Figure 3.4b), in which ABDA concentration was found to decrease 
by only 1.5% due to the adsorption by AuNR/TiO2. AuNR/TiO2 is also known as a 
photocatalyst to generate oxidative holes or hydroxyl radicals to degrade some 
organic molecules.31  
We have done control experiments by purging the mixture of AuNR/TiO2 and 
ABDA with N2 to remove O2 before irradiation with 808 nm laser. After 808 nm CW 
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laser irradiation for 75 min, the absorption of ABDA only decreased 4%. These 
results gave unambiguous evidence that combination effects of AuNR/TiO2, light and 
O2, which result in generation of singlet oxygen, are responsible for the observed 
photo-oxidation of ABDA. These results in Figure 3.4a indicated that the singlet 
oxygen generation efficiency of Au NR/TiO2 under CW laser excitation at 808 nm is 
much higher than that of Au NRs and TiO2 NPs alone. 
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Figure 3.4 (a) Photo-degradation rate of ABDA in the presence of AuNRs, TiO2 and 
AuNR/TiO2 NPs under a CW laser illumination at 808 nm for 75 min, all of them are 
purged with O2 purge before irradiation. (b) Photo-degradation rate of ABDA in the 
presence of AuNR/TiO2 NPs with O2 purge, with N2 purge under irradiation of a CW 
laser at 808 nm for 75 min and with O2 purge but without irradiation. 
3.3.3 Mechanism study 
The mechanism for singlet oxygen generation by AuNR/TiO2 is proposed as 
shown in Scheme 3.1. Upon laser light irradiation at 808 nm, hot electrons are 
generated in Au NRs due to their strong LSPR absorption. The generated hot 
electrons were subsequently transferred to the conduction band of TiO2 and holes are 
left in the Au NR.37 The electrons in the conduction band of TiO2 can scavenge 
oxygen molecules to form very reactive superoxide radicals O2-•,26 whose electric 
structure was shown in Scheme 3.1b(2). The O2-• was further oxidized by hole on Au 
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NR, which means one electron of O2-• was captured by hole. Comparing the three 
electrons on 2π* orbital, the unpaired electron was captured easily leading to the 







Scheme 3.1 The Formation mechanism of 1O2 on AuNR/TiO2 NPs (a) and the 
corresponding electric structure in different state (b). 
 


































Figure 3.5 Photo-degradation rate of ABDA in the presence of AuNR/TiO2 NPs 
under illumination of a CW laser at 830 nm, 808 nm, 790 nm, 770 nm, 750 nm for 75 
min, respectively (a). (b) shows the overlap between photo-degradation rate constants 
(red symbols) and the extinction spectra of AuNR/TiO2 NPs. 
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To further confirm that role of plasmonic hot electron injection in singlet oxygen 
generation of AuNR/TiO2 was related to SPR, wavelength dependent photo-oxidation 
rate was evaluated (Figure 3.5). The photo-oxidation of ABDA in the presence of 
AuNR/TiO2 was irradiated by CW laser of the same power at five different 
wavelengths: 750 nm, 770 nm, 790 nm, 808 nm and 830 nm. The photo-oxidation of 
ABDA can be considered as a pseudo-first-order reaction using a simplified 
Langmuir-Hinshelwood model.10, 36 When C0 is small: ln(C0/C) = kt, where k is the 
apparent first-order rate constant. Based on the fitting results, the rate constant k was 
obtained to be 8.54x10-4 min-1 for 750nm, 11.6x10-4 min-1 for 770nm, 16.4x10-4 min-1 
for 790nm, 20.1x10-4 min-1 for 808 nm and 15.9x10-4 min-1, respectively. The 
wavelength dependent photo-oxidation rate (k) was found to matches well with the 
extinction spectra of AuNR/TiO2 (Figure 3.5b). This result confirms the excitation of 
LSPR band of Au NR/TiO2 is responsible for the observed photo-oxidation of ABDA. 
(a) (b)














































Figure 3.6 Absorption spectra of ABDA in the presence of Indocyanine Green (ICG) 
under illumination of a CW laser at 780 nm (a). Photo-degradation rate of ABDA in 
presence of AuNR/TiO2 NPs and ICG under illumination of a CW laser with the same 
power for 75 min (b). 
    The singlet oxygen generation capability of AuNR/TiO2 has been compared with 
the commercial near-IR photosensitizer, Indocyanine Green (ICG) by controlling the 
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same maximum absorbance of ICG at 780 nm and AuNR/TiO2 at 808 nm (Figure 
3.6). After irradiation with CW laser excitation at 808 nm for 75 min, the absorption 
of ABDA decreased to 98% and 85% in the presence of ICG and AuNR/TiO2 NPs, 
respectively. These results indicate that singlet oxygen generation efficiency of 
AuNR/TiO2 photosensitizer is much higher than ICG (Figure 3.6b).  



















 AuNR/TiO2 at 808 nm
 ICG at 780 nm
 
Figure 3.7 The extinction of AuNR/TiO2 at 808 nm and the absorption of ICG at 780 
nm along with the irradiation time. 
    In addition to the higher singlet oxygen generation, Au NR/TiO2 showed better 
photo-stability compared to ICG. The mixture of ABDA and ICG solution, whose 
maximum absorbance at 780 nm was adjusted to the same value of AuNR/TiO2 at 808 
nm, was irradiated by 780 nm CW laser with the power of 50 mW. As shown in 
Figure 3.6a, the featured absorption peak of ICG at 780 nm dramatically decreased 
after irradiation for 75 min. In contrast, the extinction of Au/TiO2 photosensitizer at 
808 nm just slightly decreased at the first 15 min due to weak adsorption and remain 
nearly stable for the rest 60 min (Figure 3.7). Compared to commercial ICG, 
AuNR/TiO2 has higher singlet oxygen generation efficiency and better photostability. 
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Figure 3.8 Cell viability of HeLa cells after incubation with increasing concentrations 
of Au NRs or AuNR/TiO2 NPs, as determined by the XTT assay. 
 
In addition to good photo-stability, high singlet oxygen generation efficiency, 
good biocompatibility and low dark cytotoxicity are important factors for any 
photosensitizers in practical applications.38 CTAB capped Au NRs were known to be 
very toxic to cells, which limited the biological applications of these Au NRs.28-30 
Lots of effort have been made to improve the biocompatibility of Au NRs by using 
the methods  such as ligand exchange,39 biomolecular modification.40, 41 The 
biocompatibility of AuNR/TiO2 NPs to HeLa cells was examined by using the 
standard XTT method in comparison with CTAB capped Au NRs. CTAB capped Au 
NR with exhibited high inhibitive effect to HeLa cells. The viability of the HeLa cells 
decreased significantly with the increasing concentrations of Au NR, indicating that 
their cytotoxicity increased with the increasing concentrations of Au NR. As shown in 
Figure 3.8, when the concentration of Au NR was only 10 pM, the viability of the 
HeLa cells decreased to less than 10%. In contrast, when AuNR/TiO2 NPs was used, 
the viability of HeLa cells remained nearly 100% even when the concentration 
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reached as high as 100 pM (Figure 3.8). This result indicated that TiO2 shell has 
contributed to reduce the cytotoxicity and significantly improved the biocompatibility 
of Au NR.  





















Figure 3.9 Time dependent cell viability of HeLa cancer cells after incubation with 
AuNR/TiO2 NPs and TiO2 under illumination of a CW laser at 808 nm. The control 
experiment without any nanoparticles was also performed under the same irradiation 
conditions. 
    Near-IR excitation, high singlet oxygen generation, good photo-stability and 
biocompatibility make AuNR/TiO2 excellent candidates as nano-photosensitizers for 
photodynamic therapy application. The photodynamic therapy activity of Au NR/TiO2 
was demonstrated on Hela cells. After incubation HeLa cells with AuNR/TiO2 NPs 
(100 pM) for 4 h and removal the extra AuNR/TiO2 NPs in medium, the HeLa cells 
were irradiated by a CW laser at 808 nm with the energy density of 3.0 Wcm-2 and 
the beam size of 0.3 cm2. The cell viabilities were determined by using the XTT assay 
method. As shown in Figure 3.9, the viability of the cell incubated with AuNR/TiO2 
NPs steadily decreased along with the irradiation time.  The cell viability decreased to 
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75% after illumination of 10 min. In contrast, the viability of cells treated with P25 
TiO2 NPs display no obvious change after irradiation for 10 min, suggesting that TiO2 
display no PDT activity under excitation at 808 nm, consistent with the photo-
oxidation results that very weak singlet oxygen generation capability. The blank cells 
without treatment with any nanoparticles still remained after irradiation for 10 min, 
indicating that the laser irradiation power did not cause any detectable damage to 
cancer cells.  
3.4 Conclusions 
    In summary, AuNR/TiO2 core-shell nanostructure was used as photosesitizer for 
near-IR light induced singlet oxygen generation. It was found that under CW laser 
irradiation AuNR/TiO2 showed higher singlet oxygen generation efficiency either 
than bare Au NR or TiO2. Compared to near-IR dye ICG, AuNR/TiO2 displayed 
higher photostability and efficiency. Further, the dark cytotoxicity of AuNR/TiO2 was 
examined by using XTT assay method, which showed that TiO2 shell can improve the 
biocompatibility of Au NR and extend their practical biological applications. The use 
of AuNR/TiO2 as photosensitizers for one photon activated PDT in vitro was also 
demonstrated on HeLa cell apoptosis. Therefore, the low toxic AuNR/TiO2 NP is 
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Chapter 4. Mesoporous SnO2-coated metal nanoparticles for plasmonic 
sensing and catalysis with enhanced efficiency 
4.1 Introduction 
    Noble metal nanoparticles (NPs) have received great attention due to their 
interesting properties and potential applications in photonics, electronics, sensing and 
catalysis.1-3 They display unique optical properties known as localized surface 
plasmon resonance (LSPR). LSPR is not only strongly dependent on the morphology 
of the nanoparticles themselves,4, 5 but also sensitive to the refractive index of the 
surface bound molecules and surrounding environments, which has been utilized to 
develop LSPR based molecular sensing.6 In addition, noble metal NPs can also act as 
catalysts for various organic reactions.7 However, noble metal NPs generally suffer 
from poor stability in harsh environments because aggregation hampers their various 
practical applications.8 Large aggregation induced redshift in LSPR bands will further 
interfere with their applications in LSPR based molecular sensing.9, 10 A lot of efforts 
have been devoted to stabilize metal NPs by immobilizing them on supports such as 
metal oxides,11-13 silica,14 carbon nanotube15 or polymeric materials.16 SiO2, TiO2, and 
polymers coated metal NPs with core-shell nanostructures have recently attracted lots 
of attention because these coating shells can not only stabilize metal NPs, but also 
introduce new functionalities to exhibit unique multifunctional advantages.17, 18 
    One important requirement for the coating shell is permeability to allow external 
molecules or reactants to diffuse into direct contact and interact with the metal core. 
Mesoporous shells are attractive coating materials as they are permeable to small 
molecules to maintain catalytic properties of the metal core. Mesoporous SiO2 coated 
metal NPs are of particular interest because of their easy preparation.19, 20 SiO2 shell 
can improve their biocompatibility and allow modification with other molecules to 
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display multifunctional capability.17, 18 However, mesoporous silica coated NPs also 
suffer from long term stability in water and tend to aggregate at slightly basic 
conditions, which limit their applications.21 It is highly desirable to search new 
coating materials to develop more efficient, durable and eco-friendly catalytic 
systems. 
    Oldfield et al. have successfully coated spherical Au NPs with a mesoporous SnO2 
shell and observed increased capacitance of Au NPs upon SnO2 coating.22 SnO2 
coated Au nanospheres were subsequently explored for applications as catalyst for 
CO oxidation.23 A very recent report by Lee et al. showed that SnO2 coated gold 
nanospheres displayed better stability than SiO2 coated ones at basic conditions.24 So 
far most of the studies are limited on SnO2 coated spherical NPs. Anisotropic metal 
NPs such as nanorods have been demonstrated to display more profound optical 
properties.3, 25 Mesoporous SnO2 coated anisotropic metal nanostructures are expected 
to display interesting multifunctional capability for various potential applications, 
which have not been explored so far. 
    Here we report a series of mesoporous SnO2 coated noble metal NPs such as Au 
nanospheres (NSs), Au nanorods (NRs) and core-shell Au/AgNRs. SnO2 shell was 
coated onto the metal NPs by a simple one pot hydrothermal reaction using sodium 
stannate trihydrate (Na2SnO3·3H2O) as a precursor. SnO2 shell helps to protect the 
metal NPs from aggregation in harsh environments so as to significantly improve their 
stability. These SnO2 coated noble metal NPs exhibit obvious red shift of LSPR with 
the increasing refractive index of the medium, confirming the mesoporous nature of 
the SnO2 shell, which allows external molecules to diffuse into access metal core for 
various applications. High refractive index sensitivity of Au/AgNR/SnO2 makes them 
as promising materials for LSPR based molecular sensing. Applications of these 
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materials as catalysts have been demonstrated in reduction of 4-nitrophenol by NaBH4. 
Catalytic activities of different metal NPs were found to be significantly enhanced 
upon coating with the mesoporous SnO2 shell. 
4.2 Experimental 
4.2.1 Materials  
    Hexadecyltrimethylammoniumbromide (CTAB, 98%), cetyltrimethylammonium 
chloride solution (CTAC, 25%), sodium borohydride (NaBH4, 99%), gold(III) 
chloride trihydrate (HAuCl4•3H2O, 99.9%) and sodium stannate trihydrate 
(Na2SnO3•3H2O, 95%) were purchased from Sigma-Aldrich.  Silver nitrate (AgNO3), 
L-(+)-ascorbic acid, and 4-nitrophenol were purchased from Alfa Aesar. De-ionized 
(DI) water was used in all the experiments. 
4.2.2 Instruments 
    UV-Vis extinction spectra were measured by using a Shimadzu UV 2550 
spectrometer. Transmission electron micrograph (TEM) images were taken on a 
JEOL 1220 electron microscope. Reduction of 4-nitrophenol by NaBH4 was 
monitored by using an Agilent diode-array UV-Vis spectrophotometer, which can 
obtain a UV-Vis spectrum within 1 second. 
4.2.3 Preparation of metal NPs 
Au NRs were prepared by using a previously reported seed-mediated growth 
method.26 The details have been described in Section 2.2.2. The amount of AgNO3 
was adjusted to control the SPR band of Au NRs. Here, 0.28 mL of 0.01 M AgNO3 
were added to get CTAB capped Au NRs with longitudinal plasmon resonance band 
at 774 nm. 
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    Au NSs were prepared according to reported method.27 Briefly, 20 mL of 2.5x10-4 
M HAuCl4 solution was boiled for 30 min. Then, 2 mL of 1% sodium citrate solution 
was added into the above solution with continued boiling. After 20 min, the color of 
the boiled solution changed to ruby red, indicating the formation of AuNPs in the 
solution. The Au-seed solution was cooled and used without modification for further 
experiments. 225 µL of 10 mM HAuCl4 was added into 9 mL of 0.01 M CTAB in a 
flask, Then, 50 μL of 0.1 M freshly prepared ascorbic acid was added into the flask 
followed by gentle stirring for 2 min, the yellow color disappeared. Finally 0.5 mL of 
Au seed solutions was added into each flask, and the mixtures were kept at room 
temperature for 6 h. 
    Au/Ag core-shell NRs were prepared by using anisotropic silver shell formation on 
Au NRs in CTAC solution,28 which was described in Section 2.2.3.  
4.2.4 Synthesis of core-shell SnO2 coated noble metal NPs 
    AuNR/SnO2 was prepared by following the method previously reported by Oldfield 
et al.22 Briefly, 5.0 ml of CTAB capped AuNRs were diluted to 20.0 mL with DI 
water in a round bottom flask. The pH of the solution was adjusted to 10.5 by addition 
of NaOH. The solution was kept inside 75ºC oil bath under vigorous stirring for 15 
min, followed by rapid addition of 3.0 mL of freshly prepared Na2SnO3 aqueous 
solution (0.004M). After stirring for another 2 h, the NPs were centrifuged at 7000 
rpm, washed twice and re-dispersed in 5.0 mL of DI water. SnO2 coated AuNS and 
Au/AgNR were prepared in a similar way by adjusting the ratio of metal NPs and 
Na2SnO3 precursor (5.0 mL of AuNS and 2.0 mL of 0.004M Na2SnO3 for preparation 




4.2.5 Catalyzed reduction of 4-nitrophenol  
    Reduction of 4-nitrophenol was performed by following a previously reported 
procedure.29, 30 200 µL of AuNR and AuNR/SnO2 (or 330 µL of AuNS and 
AuNS/SnO2, or 100 µL of Au/AgNR and Au/AgNR/SnO2 so that catalytic efficiency 
of these NPs are compared on the base of containing same mass of Au or Au/Ag core) 
were homogeneously dispersed into 2.0 mL of 4-nitrophenol aqueous solution (10.0 
mg/L) in a quartz cuvette followed by rapid injection of 20.0 µL of freshly prepared 
NaBH4 (10.0 g/L). The initial molar ratio of 4-nitrophenol and NaBH4 were kept at 
1:36 in all the experiments. The amount of NaBH4 is excessive for reduction of 4-
nitrophenol so that the concentration of NaBH4 could be considered as nearly constant 
in the whole reaction process. The extinction spectra were measured at regular 
intervals. All the reactions were performed at 298 K. 
4.3 Results and discussion 
4.3.1 Metal/SnO2 nanoparticles characterization 
Figure 4.1 shows TEM images and extinction spectra of the prepared AuNSs, 
AuNRs and Au/AgNRs before and after coating with SnO2. The prepared AuNSs 
have an average diameter of 62 nm with LSPR band maximum at 531 nm. Their 
LSPR band maximum was found to redshift to 538 nm after coating with 15nm-thick 
SnO2 shells, which can be ascribed to an overall increase in the refractive index of the 
dielectric environment surrounding AuNSs.22, 31 The same method was utilized to 
prepare SnO2 coated AuNRs and Au/AgNRs. The average diameter and length of Au 
NRs are 18 and 63 nm, which gives an aspect ratio of 3.5. The extinction spectrum of 
these Au NRs displays two LSPR bands at 509 and 774 nm, corresponding to their 
transverse and longitudinal LSPR modes, respectively. The longitudinal LSPR band 
79 
 
of AuNRs was found to redshift to 790 nm upon coating with 15 nm-thick SnO2 shells. 
Au/AgNRs were prepared by coating the 1863 nm AuNRs with 5.1 nm-thick layer 
of Ag. The longitudinal LSPR band of Au/AgNRs at 662 nm was found to redshift to 
680 nm after coating with 15 nm-thick SnO2 shells. The redshift of longitudinal LSPR 
band of AuNRs and Au/AgNRs can also be ascribed to increasing refractive index of 
the surrounding dielectric environment. The size distribution of metal core and shell 
thickness have been summarized in Figure 4.1. 
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Figure 4.1 TEM images of AuNS (a), AuNR (b), Au/AgNR (c), AuNS/SnO2 (d), 
AuNR/SnO2 (e), Au/AgNR/SnO2 (f). Their size distribution of metal core and shell 
are shown in (g), (h) and (i). And their corresponding UV-Vis extinction are shown in 
(j), (k) and (l). 
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4.3.2 Metal/SnO2 nanoparticles for plasmonic sensing 









































































































Figure 4.2 Normalized extinction spectra of AuNS/SnO2 (a), AuNR/SnO2 (b) and 
Au/AgNR/SnO2 (c) in water-DMF liquid mixture solvent of varying volume ratios. (d) 
LSPR band shift of AuNS/SnO2, AuNR/SnO2 and Au/Ag/SnO2 versus refractive 
index of the medium. 
TEM images of AuNS/SnO2, AuNR/SnO2 and Au/AgNR/SnO2 (Figure 4.1d-f) 
indicated that the outer SnO2 shells are mesoporous. The mesoporous structure of the 
SnO2 shell allows exposure of the noble metal core to the surrounding environment to 
maintain their catalytic properties while improving the stability of NPs in various 
water-organic mixtures and pure organic solvents. The mesoporous nature of the SnO2 
shell was confirmed by measuring extinction spectra of these core-shell NPs in water-
DMF mixture solvents with varying volume ratios to change their refractive index. 
The longitudinal LSPR band of AuNR/SnO2 was found to steadily redshift as the 
refractive index of the mixture solvent increased (Figure 4.2b). Similar redshift in 
LSPR band was observed for AuNS/SnO2 and Au/AgNR/SnO2 (Figures 4.2a and 2c), 
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which confirms that the mesoporous structure of the SnO2 shell allows exposure of the 
metal cores to their surrounding environments.  
The linear regression analysis of the redshift in LSPR band yielded a refractive 
index sensitivity of 124 nm/RIU (refractive index unit) for AuNS/SnO2, 290 nm/RIU 
for AuNR/SnO2, and 477 nm/RIU for Au/AgNR/SnO2, respectively. AgNPs have 
been known to display larger refractive index sensitivity than AuNPs of the same 
shape.32, 33 On the other hand, rod-shape NPs display larger refractive index 
sensitivity than spherical NPs.34, 35 AgNRs are expected to display exceptional 
refractive index sensitivity. However, AgNRs have been known to be very unstable.36 
Au/AgNRs have been proposed as the alternative for LSPR based molecular sensing 
with exceptional sensitivity.32 High refractive index sensitivity of our Au/AgNR/SnO2, 
in combination with their improved stability by SnO2 coating, makes them as 
potential materials for LSPR based molecular sensing. 
4.3.3 Metal/SnO2 nanoparticles as catalysis for 4-nitrophenol reduction 
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Figure 4.3 (a) UV-Vis absorption spectra of 4-nitrophenol before and after addition 
of AuNR/SnO2 in the absence and presence of NaBH4. In the absence of NaBH4, the 
absorption band of 4-nitrophenol in water (10mg/L) around 317 nm remained 
unchanged even 20 min after addition of AuNR/SnO2, confirming that there is no 
direct reaction between AuNR/SnO2 and 4-nitrophenol. (b) Evolution of UV-Vis 
absorption spectra during the course of reduction of 4-nitrophenolate by NaBH4 using 
AuNR/SnO2 as the catalyst. 
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     Catalytic efficiency of these metal NPs was tested by catalytic reduction of 
nitrophenol to aminophenol, an important intermediate for medicines, dyes, and 
organic synthesis.33, 34 The reduction rate of nitrophenol to aminophenol by NaBH4 in 
the absence of catalyst is very slow.29 Noble metal NPs have been demonstrated to 
display good catalytic activity for promoting reduction of nitrophenol to 
aminophenol.7, 36 However, uncoated noble metal NPs generally suffered from poor 
stability in harsh environments.8, 37  Stability of metal NPs could be improved by 
coating with various materials such as metal oxides,11-13 silica,14 and polymeric 
materials.16 
Catalytic activities of AuNS/SnO2, AuNR/SnO2 and Au/AgNR/SnO2 for reduction 
of 4-nitrophenol to 4-aminophenol were evaluated by monitoring the reaction 
progress through their UV-Vis absorption spectra (Figures 4.3). 4-nitrophenol in 
water has an absorption band around 317 nm.38 Addition of NaBH4 resulted in 
immediate formation of 4-nitrophenolate ions, which displayed an absorption band 
around 400 nm (Figure 4.3a).8, 38 The final product 4-aminephenol has an absorption 
band around 297 nm.8, 38 Figure 4.3b shows the evolution of UV-Vis spectra of the 
reaction mixture after adding NaBH4 into the mixture of 4-nitrophenol and the 
AuNR/SnO2 catalyst. It can be clearly seen that a gradual decrease in absorption band 
around 400 nm is accompanied with simultaneous increase in absorption around 297 
nm, indicating gradual conversion of 4-nitrophenolate into 4-aminophenol.39 The 
observation of two isosbestic points at 277 and 317 nm indicates that conversion of 4-
nitrophenolate into 4-aminophenol occurred without any side reactions.27,35 The 
reaction progress can also be directly visualized by naked eyes as the yellow color of 
solution gradually faded and became colorless when the reaction finished.  
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Figure 4.4 (a)(c)(e)Normalized absorbance (normalized against the initial point) at 
400 nm as a function of time in the absence and presence of different NPs as the 
catalyst: (a) AuNS and AuNS/SnO2; (c) AuNR and AuNR/SnO2; (e) Au/AgNR and 
Au/AgNR/SnO2. The results of using SnO2 and AuNS/SiO2 as catalyst are shown in 
(a) for direct comparison. (b)(d)(f) Plots of ln(C/C0) as the function of time and the 
fitting results according to the Langmuir-Hinshelwood model for reduction of 4-
nitrophenolate by NaBH4 in the presence of different NPs as the catalyst: (b) AuNS, 
AuNS/SiO2 and AuNS/SnO2 nanocomposite, (d) AuNR and AuNR/SnO2, (f) 
Au/AgNR and Au/AgNR/SnO2. C/C0 was calculated from the corresponding A/A0. 
Catalysis kinetics of these reactions were examined by monitoring the change in 
absorbance at 400 nm during the course of reduction reaction from 4-nitrophenolate to 
4-aminophenol (Figure 4.4). It can be seen that reduction reaction did not take place 
in the absence of any catalyst or in the presence of SnO2 NPs (Figure 4.4a). In the 
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presence of various uncoated and coated metal NPs acting as the catalyst, the reaction 
took places after an induction period, during which NaBH4 reacts with the dissolved 
oxygen and became adsorbed onto the surface of catalysts.39 When AuNR was used as 
the catalyst, the induction time is 320 s and it took another 240 s to reduce 50% of 4-
nitrophenolate. When SnO2 coated AuNR was used at the catalyst, not only the 
induction period was shortened, the reduction reaction rate also became much faster. 
The induction time became ~90 s and it only took another 47 s to reduce ~50% of 4-
nitrophenolate when AuNR/SnO2 was used as the catalyst. The rate constant of 
catalytic reduction reactions can be estimated by using the Langmuir–Hinshelwood 
apparent first order kinetics model to fit the ln(C/C0)–t data (Figure 4.4), where C0 
and C stand for the initial and time-dependent concentration of 4-nitrophenolate 
ions.40 The fitting results are summarized in Table 4.1. The rate of AuNR/SnO2 




Figure 4.5 TEM images of SnO2 NPs (a) and AuNS/SiO2 (b), which were used as 
control experiments. 
    We have also tested the catalytic property of AuNS/SnO2 and Au/AgNR/SnO2 
nanocomposites in comparison with uncoated AuNS and Au/AgNR, respectively 
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(Figures 4.4a and 4.4e). The induction times and rate constants for different catalysts 
are summarized in Table 4.1. Among all the uncoated metal NPs, AuNS and 
Au/AgNR showed lower catalytic efficiency compared to AuNR. The reaction rate 
constants increase in the order of AuNS<Au/AgNR<AuNR. Similar to the results of 
AuNR, the catalytic activities of AuNS and Ag/AgNR have also been significantly 
enhanced (by 4 to 6 folds) upon coating with the mesoporous SnO2 shell. 
Table 4-1 Summary of induction time and rate constants for different catalysts. 
 
Catalysts Induction time (min) Rate constant (min-1) 
AuNS 
Uncoated metal 11.20 0.04 
SnO2 coated 2.25 0.18 
SiO2 coated 8.18 0.046 
AuNR 
Uncoated metal 5.33 0.18 
SnO2 coated 1.50 0.90 
Au/AgNR 
Uncoated metal 9.93 0.08 
SnO2 coated 2.40 0.50 
 
4.3.4 Mechanism Study 
AuNS/SiO2 has been previously reported to act as the catalyst for reduction of 4-
nitrophenolate, which displayed reduced catalytic activity compared to uncoated 
AuNS. The catalytic properties could be improved by etching the noble metal core to 
create a cavity between AuNS and SiO2.19 TiO2 coated AuNSs have also been 
previously reported to stabilize the catalytic AuNSs. However, its catalytic efficiency 
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was also lower than that of uncoated AuNSs.13, 41 We have also prepared mesoporous 
SnO2 coated AuNS and compared its catalytic activity with AuNS and SiO2 coated 
AuNS (TEM Images of AuNS/SiO2 are shown in Figure 4.5). When AuNS/SiO2 was 
used as the catalyst, the reduction rate constant was found to be similar to that when 
AuNS was used as the catalyst, although the induction time was slightly shortened 
(Figure 4.4a). When AuNS/SnO2 was used as the catalyst, not only the induction time 
was shortened, the reduction rate has been significantly increased (Figure 4.4a and 
Table 4.1). These results demonstrate that mesoporous SiO2 or SnO2 shell is 
permeable to allow 4-nitrophenol molecules come into direct contact with the Au NP 
surface to maintain its catalytic activity. The fact that mesoporous SnO2 coated Au 
NPs shows better catalytic activity than mesoporous SiO2 coated Au NPs indicates 
that the enhanced catalytic efficiency of SnO2 coated metal NPs is due to the intrinsic 
properties of SnO2. Different catalytic behaviors for SiO2, TiO2 and SnO2 coated 




Scheme 4.1 Proposed mechanisms to illustrate (a) enhanced catalytic activities in 
mesoporous SnO2 coated metal NPs, and (b) different catalytic activities of SnO2 and 
TiO2 coated metal NPs due to competing reduction of H+ by Au/TiO2 in H2O. 
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When noble metal NPs act as the catalyst for reduction of 4-nitrophenol by NaBH4, 
electrons from BH4- were transferred to noble metal NPs first and then subsequently 
transferred to the 4-nitrophenol molecules adsorbed on the surface of the noble metal 
to reduce 4-nitrophenol. When SiO2, TiO2 or SnO2 coated metal NPs were used as the 
catalyst, BH4- ions can travel through the mesoporous coating shell and come into 
direct contact with the metal surface to transfer the electrons to metal particles. The 
electrons were subsequently captured by the adsorbed 4-nitrophenol (Scheme 4.1a).  
The better catalytic efficiency of SnO2 coated metal NPs could be ascribed to a 
synergistic effect between SnO2 and plasmonic metal.42 When metal and 
semiconductors are placed in contact, Fermi level alignment will result in charge 
redistribution: electrons will leave the metal into the semiconductor. In a study on 
catalytic properties of Ag-carbon nanofibers hybrid nanomaterials,29 Zhang et al. 
proposed that the electrons in the semiconductor can increases the chances of 
reducing absorbed 4-nitrophenol. When metal/SnO2 NPs were used as the catalyst, 
electrons injected by BH4- to the metal surface can transfer to SnO2. Mesoporous 
SnO2 can thus help metal NPs disperse electrons to a large area and increase the 
chances for 4-nitrophenol to capture the electrons to be reduced, so as to enhance the 
catalytic activity. There is no such charge redistribution between SiO2 and Au in 
Au/SiO2 core-shell nanostructures due to the insulator nature of SiO2. Charge 
redistribution will occur between Au and TiO2 in Au/TiO2 nanostructures, in which 
electrons transferred from Au to the conduction band of TiO2 will facilitate the 
reduction of 4-nitrophenol.43 However, these electrons can also be captured by H2O 
due to higher energy levels of the conduction band TiO2 than the H+ reduction 
potential (Scheme 4.1b).44 There is thus competition between reduction of 4-
nitrophenol and H2O, which may decrease the reaction rate of reducing 4-nitrophenol. 
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The conduction band of SnO2 is a little positive than the H+ reduction potential. The 
electrons on the conduction band of SnO2 only can be captured by 4-nitrophenol 
(Scheme 4.1b), but not H+/H2O. In a previous study on AuNS/SnO2, Oldfield et al. 
observed that the capacitance of Au NSs will increase upon coating with SnO2.22 This 
suggests the lifetime of electrons on the metal NPs will be prolonged, which will also 
promote the interactions between the electrons and 4-nitrophenol. Consequently SnO2 
coating shells will help to improve catalytic activity of various noble metal NPs. 
4.3.5 Recyclability 
Table 4-2 The summary of rate constants for three successive cycle reactions with 
different catalysts. 
Cycle Au NS/SnO2 (min-1) Au NR/SnO2 (min-1) Au/Ag/SnO2 (min-1) 
1 0.18 0.90 0.50 
2 0.064 0.72 0.26 
3 0.038 0.05 0.018 
 
    Furthermore, the recyclability of the catalysts was investigated by collecting the 
sample via centrifugation and re-dispersed in new reaction medium. Before the 
recyclability test, we did not do any treatment on the sample, so, there was a 
noticeable reduction in their catalytic activity (Table 4.2). This can be explained by 
the reported reasons, as amino groups have a strong affinity to Au surfaces, 4-
aminophenol can be adsorbed onto the noble metal, which cannot be removed by 
centrifugation.13 The adsorbed 4-aminophenol can block 4-nitrophenol from 





In summary, mesoporous SnO2 coated AuNSs, AuNRs and Au/AgNRs have been 
successfully prepared by hydrolysis of Na2SnO3 under basic conditions. These core-
shell NPs exhibited high stability and solubility in water, water-organic mixtures and 
pure organic solvents. The mesoporous nature of the SnO2 shell was confirmed by the 
obvious redshift of LSPR band of these SnO2 coated metal NPs with the increasing 
refractive index of the medium. High refractive index sensitivity of Au/AgNR/SnO2 
makes them as promising materials for LSPR based molecular sensing. The 
mesoporous SnO2 shell allows the metal core to be directly exposed to the 
surrounding environment to maintain their catalytic activity. The catalytic activities of 
these core-shell NPs for reduction of 4-nitrophenol by NaBH4 was found to be 
dramatically enhanced compared to uncoated metal NPs. The enhanced catalytic 
activity was attributed to charge-redistribution between noble metal and SnO2 that 
helps to disperse electrons to a large area and increased capacitance behavior of SnO2 
coated Au NPs, which facilitate the reduction of 4-nitrophenol. These 
metal/semiconductor core-shell nanomaterials are potentially useful for applications 
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Chapter 5. Controlling the silver shell deposition on gold nanorods by UV 
light-induced electron generation at gold nanorod/SnO2 Interface 
5.1 Introduction 
    Noble metal nanoparticles have been widely studied due to their unique optical and 
electronic properties1-4 and their potential applications in various fields such as 
biosensors,5, 6 biotherapy,7-9 organic solar cells,10-12 and catalysis.13, 14 Different 
synthetic approaches have been reported for the control of nanoparticle morphology 
to tailor their properties.15-17 Recently, the use of light in guiding the growth of 
plasmonic nanoparticles has become increasingly attractive, as it allows precise 
control over nanoparticle growth through the modulation of light intensity or with 
specific excitation wavelength.18, 19 In contrast to traditional methods, photoinduced 
growth method does not need chemical reducing agents.20 Since the first discovery of 
photoinduced conversion of spherical silver (Ag) nanoparticles into Ag triangular 
nanoprisms by Mirkin's group,21, 22 various morphologies of Ag nanostructures have 
been prepared by plasmon-mediated synthesis through visible light excitation.23-25 In 
addition, photo-assisted nucleation of metal NPs on the surface of semiconductors by 
UV-light has been investigated from the first report by Dunn et al.26 Semiconductor 
materials such as TiO2 can be used for nucleation metal NPs, because they can 
generate electron-hole pairs upon UV-light excitation and such electrons could be 
utilized to reduce the nearby metal cations.27, 28 These hybridized metal-
semiconductor nanocomposites have attracted much attention due to their wide 
variety of applications for enhanced photocatalytic activities,29 plasmon enhanced 
photovoltaics,30 water splitting.31 The enhanced mechanisms can be explained by the 
electron transfer process between noble metal and semiconductor. Under UV light 
irradiation, the electron transfers happens from semiconductor to the metal 
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nanoparticles to obtain Fermi-level equilibration and reverse process (metal to 
semiconductor) occurs due to the excitation at plasmon band.28, 32-34 which has been 
approved by femtosecond transient absorption spectroscopy and excitation 
wavelength dependent photo response of composite materials.35, 36 As discussed, 
directly photo deposition of Ag NP on the surface of semiconductor has been reported. 
However, photo deposition of metal based on the electron transfer process of metal-
semiconductor, by which we can control the nucleation position of metal, has not 
been reported. 
    Here, we exploited the UV light induced generation of electrons at the Au 
nanorod/SnO2 interface for the controlled growth of silver shell on Au NRs surface to 
tune the surface plasmon resonance very precisely. Mesoporous SnO2 coated Au NR 
nanocomposites were chosen because the mesoporous semiconductor shell can be 
permeable to AgNO3. The Ag+ ions were reduced around the Au NR surface by UV 
light irradiation, while around SnO2 surface by visible light irradiation. The rate of 
reaction can be controlled by modulating the light intensity. These findings not only 
provide a novel photochemical approach for the silver shell coating on nanorods, but 
also gives us the information about the fundamental insights of photoinduced charge 
transfer across the metal-semiconductor interface, which will have applications in 
solar energy conversion. Also, the prepared Au/Ag/SnO2 with thinner Ag shell shows 
highest refractive index sensitivity, which makes them as promising materials for 
LSPR based molecular sensing.   
5.2 Experiments 
5.2.1 Chemicals and Materials  
    Hexadecyltrimethylammoniumbromide (CTAB) (98%), sodium borohydride (99%), 
gold(III) chloride trihydrate (HAuCl4•3H2O) (99.9%) and sodium stannate trihydrate 
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(Na2SnO3•3H2O)(95%) were purchased from Sigma-Aldrich.  Silver nitrate (AgNO3) 
and L- (+) -ascorbic acid were purchased from Alfa Aesar. De-ionized water was used 
in all the experiments. 
5.2.2 Synthesis of AuNR/SnO2 core/shell nanocomposite 
    Au NRs were firstly prepared by using a previously described seed-mediated 
growth method (refer to Section 2.2.2).16 0.27 mL of 0.01 M AgNO3 were used to 
obtain Au NR with SPR at 763 nm. AuNR/SnO2 were prepared by following the 
method that was reported for coating Au nanosphere by SnO2.37 The details have been 
described in Section 4.2.4. And less Na2SnO3 was used to get a thinner SnO2 shell. (5 
mL Au NRs was coated by 2.5 mL of 0.004M Na2SnO3).  
5.2.3 Light induced Ag+ ions reduction experiments  
    0.5 mL of the as-prepared Au NR/SnO2 was diluted to 3 mL with DI water in a 
quarts cuvette, 30μL of 0.01 M AgNO3 were added, followed by flowing N2 gas for 5 
minutes to remove the air inside the solution and sealing the cuvette. After that, we 
use 254 nm UV light or 775 nm continuous wavelength laser to irradiate the samples 
under stirring and the UV-visible spectra were measured every four minutes. 
5.2.4 Refractive index Sensitivities 
    To determine the refractive index sensitivities of metal/SnO2 nanocomposite, the 
nanocomposites were dispersed in the mixture of water-DEG(Diethylene glycol) 
solvents with varying volume percentages, and the extinction spectra were measured. 
The refractive indices of the mixture solvents were calculated from the volume 
percentages of the ingredients according to the Lorentz-Lorenz equation.38 And then 
the plasmon shifts were plotted versus the refractive indices of solvents. The 
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refractive index unit (RIU) were obtained by linear fitting. LSPR based molecular 
sensing for Glutathione (GSH) was tested done in DI water. 
5.2.5 Instruments 
    The UV-visible extinction spectra were measured by using a Hitachi UH5300 
spectrometer. Transmission electron micrograph (TEM) images were taken by using a 
Philips CM 300 FEGTEM electron microscope. High-Angle Annular Dark Field 
Scanning-TEM (HAADF-STEM) studies and detailed elemental composition analysis 
were carried out on a FEI Titan 80-300 electron microscope operated at 200 kV, 
which was equipped with an electron beam monochromator and energy dispersive X-
ray spectroscopy (EDX). 
5.3 Results and Discussion 
5.3.1 Characterization of Au NR/SnO2  
(a) (b) (c)

























Figure 5.1 TEM images of AuNRs (a), AuNR/SnO2 core-shell nanocomposites (b) 
and their corresponding UV-visible extinction spectra are shown in (c). 
    Figure 5.1a shows the TEM image of the prepared Au NRs. The average length 
and diameter of the Au NRs are 57 and 16 nm, respectively. The extinction spectrum 
of Au NRs is shown in Figure 5.1c, which displays two SPR bands at 510 and 763 
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nm corresponding to their transverse and longitudinal SPR modes, respectively. 
Mesoporous SnO2 shell was coated on anisotropic gold nanorods by a simple one pot 
hydrothermal reaction using sodium stannate trihydrate (Na2SnO3•3H2O) as a 
precursor, which was extended based on the Oldfield's report.37 The uniform SnO2 
coating in AuNR/SnO2 core-shell nanocomposite was confirmed by the TEM images 
as shown in Figure 5.1b. The thickness of SnO2 shell on Au NRs is ~10 nm. The UV-
Vis extinction spectrum of the AuNR/SnO2 core-shell nanocomposite in water are 
plotted in Figure 5.1c. It displays a longitudinal SPR (LSPR) band centered at 775 
nm and a transverse SPR (TSPR) band centered at 512 nm. From the extinction 
spectra, it can be seen that upon coating the Au NR with SnO2 both the LSPR and 
TSPR are slightly red-shifted. This is due to an overall increase in the refractive index 
of the dielectric environment surrounding the Au NRs upon SnO2 coating.39, 40 As 
seen in the TEM images, the SnO2 shell is mesoporous and in general the hydrolysis 
Na2SnO3 produces mesoporous shells. Such mesoporous SnO2 shells are permeable to 
solvent, small molecules and ions and provides access to the Au NR surface, which is 
the key point for the following designed experiments.  
5.3.2 Characterization of Au/AgNR/SnO2 obtained by UV light irradiation 
    The reduction of Ag+ ions on the UV-irradiated semiconductor surface has been the 
topic of extensive investigation since its first report by Bard and co-workers.28, 41 This 
series of applications are based on the reduction of Ag+ ions by electrons on 
conduction band, because semiconductor was irradiated by UV light, electrons on the 
valance band transfer to the conduction band. Here, in this work we extend this 
method based on electron transfer process in plasmonic metal-semiconductor 
system.28, 42 We chose Au NR/SnO2 core-shell structure due to the following two 
reasons: (1) the mesoporosity of SnO2 shell, which is permeable by Ag+ ions, (2) the 
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conduction band energy potential (V) of the SnO2 is a little positive than the energy 
potential (V) of the normal hydrogen electrode (NHE), which means that the electrons 
on the conduction band of SnO2 cannot be consumed by H2O, only available for Ag+ 
ion reduction, then the Ag+ ion reduction efficiency will be high.43 To further avoid 
the consummation of electron by O2 in the system, we purged the system with N2 and 
sealed the cuvette before light irradiation.  






























Color changed under UV light irradiation
 
Figure 5.2 (a) UV-Vis extinction spectra of the solution in which AuNR/SnO2 reacted 
with AgNO3 under UV light irradiation. The extinction spectra were measured every 
4 min. (b) Photos showing the color change as UV light irradiation. (c)-(e) TEM 
image of the obtained Au/Ag/SnO2 composite nanoparticles with LSPR at 720 nm, 
688 nm and 660 nm respectively. 
Figure 5.2a shows the extinction spectra of Au/SnO2 core/shell nanorods reacting 
with AgNO3 under the 254 nm UV light irradiation. As expected, the growth of Ag 
shell on Au nanorods dramatically affects their extinction spectra.44-46 From the 
extinction spectra we can see, before irradiation, the LSPR band of Au/SnO2 centers 
at 775nm. And upon UV light irradiation, the peak gradually moves to the shorter 
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wavelengths and the intensity of extinction increases gradually. At the same time, a 
broad peak in the range of 350-450 nm forms and further increases with irradiation. In 
addition, the solutions show dramatic changes in color from red to green (Figure 
5.2b). These phenomena are very similar to that reduction Ag shell on Au nanorods 
by ascorbic acid, which indicate the Ag shell formation around Au nanorods.45, 46 To 
confirm the formation of Ag shell, TEM images were taken to check transition of 
Au/SnO2 nanocomposite induced by UV light in the presence of Ag+ ions (Figure 
5.2c). From the TEM image we can see that the boundary between Au, Ag and SnO2 
shell can be clearly distinguished by the brightness contrast. To study the Ag shell 
growth process, we collected three samples for TEM images, whose LSPR centered at 
720 nm, 688 nm and 660 nm respectively. TEM images (Figure 5.2c- Figure 5.2e) 
dramatically show the formation of Ag shell around Au nanorods. The thickness of 
Ag shell for 720 nm, 688 nm and 660 nm are 2.0 nm, 3.3 nm and 5.1 nm, respectively. 
This trend indicates that as UV light irradiation the LSPR blue shift along with the 
deposition of Ag shell. This is similar to the phenomenon of reduction Ag shell on Au 
nanorods by ascorbic acid.45, 46 
To further confirm the core-shell structure, high-angle annular dark-field scanning 
TEM (HAADF-STEM) image was taken. The image (Figure 5.3a) yielded a clear 
contrast between Au NR, Ag shell and SnO2 shell. And the corresponding EDX line 
scan results (Figure 5.3b) show the presence of Au, Ag and Sn elements in the 
composite. The relative positions of these elements suggest that Ag (green line) grew 
on the Au (purple line) surface to form core-shell structure. And the Sn (orange line) 
element was across the whole composite indicating that the SnO2 shell was still the 
outside layer. Further confirmation of the composition nanostructure was carried out 
via elemental mapping of Au, Ag and Sn on an individual nanorod, as may be inferred 
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from the composite image shown in Figure 5.3c. Different colors indicate the 
presence of different elements, where purple refers to the presence of Au, green to Ag 
and orange to Sn. It can be seen clearly that the distribution of Au element matches 
well with the core of composite. The Ag element distributes around the Au core, 
which indicate the formation of Au/Ag core-shell structure. And the Sn element was 
across the whole composite indicating that the Ag shell formed inside the SnO2 shell 
but not on the surface of SnO2 shell. 
Au                     Ag                  Sn























Figure 5.3 (a) HAADF-STEM image; (b) Corresponding EDX line scan across the 
composite using scan steps of 1.55 nm; (c) Elemental mapping of Au, Ag and Sn 
present in Au/Ag/SnO2 composite: The image showing (left to right) HAADF-STEM 
image, Au (purple), Ag (green), and Sn (orange). 
5.3.3 The growth mechanism study  
    To explain the Ag shell formation under UV light irradiation, the mechanism of Ag 
shell growth is proposed as shown in Scheme 5.1. Upon 254 nm UV light irradiation, 
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SnO2 shell is excited, leading to the generation of electrons in the semiconductor 
conduction band and holes in the valence band. The electrons in the conduction band 
subsequently move to the gold nanorods.28, 47 The stored electrons on the Au nanorods 
can be captured by Ag+ ion, which can pass through the mesoporous SnO2 shell and 
contact to the Au nanorods core. Then the Ag shell forms around the Au core. 
 
Scheme 5.1 Proposed mechanisms to illustrate the growth process for Au/Ag/SnO2. 
    To confirm the proposed mechanism, we did some control experiments for 
comparisons. Since this phenomenon is more evident for the LSPR peak in 
comparison with that for TSPR, the later discussion about the absorption spectra is 
focused on the LSPR peak. When irradiation the mixture of bare Au nanorods and 
AgNO3 by 254 nm UV light (Figure 5.4a), the LSPR did not shift. This indicated that 
the SnO2 plays key role for the Ag shell growth. We predicate that the UV light 
excited SnO2 and the electrons on the conduction band transfer to the Au core, which 
can be captured by Ag+ ion to form Ag shell. This means that the amount of electrons 
for reduction of Ag+ ion is controlled by the UV light intensity, when the amount of 
Au/SnO2 particles is fixed. So we did four control experiments to study the 
relationships between the change of LSPR and UV light intensity. The results in 
Figure 5.4b show that when there is no UV light irradiation, just stirred the mixture 
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of Au/SnO2 and AgNO3, the LSPR peak did not show any observed change, this 
further confirmed the reaction needs the excitation of UV light. And as the increase of 
the UV light intensity from 21µW/cm2 to 37 µW/cm2, the LSPR peak blue shift faster 
(Figure 5.4c and 5.4d). The LSPR shifts at different control experiments have been 
summarized in Figure 5.5, all of these results support the mechanism we proposed. 
Mesoporous SiO2 coated Au NR was also prepared according to the reported methods 
for controlling experiment (TEM image shown in Figure 5.6a).48 Different from 
mesoporous SnO2 shell, SiO2 is an insulator, which cannot be excited by UV light. 
When the mixture of AuNR/SiO2 and AgNO3 was irradiated by UV light, LSPR did 
not show observed shift (Figure 5.6b).  






























































































































Figure 5.4 (a) UV-Vis extinction spectra of Au NR reacted with AgNO3 under UV 
light irradiation; UV-Vis extinction spectra of the mixture of Au/SnO2 and AgNO3 (b) 
without any light irradiation; (c) with UV light at intensity of 21µW/cm2; (d) with UV 
light at the intensity of 37µW/cm2. 
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Figure 5.5 Summary of power dependence on reaction rate: irradiation time vs. LSPR 
peak position caused by Ag shell growth under UV light irradiation with different 
power density. 





























Figure 5.6 (a) TEM image of used AuNR/SiO2 for comparison; (b) UV-Vis 
extinction spectra of Au NR/SiO2 with AgNO3 irradiated by UV light. 
     Besides of intensity, the wavelength of light will also decides the growth process. 
According to the proposed mechanism, 254 nm UV light was used to excite SnO2. If 
using visible light instead of UV light, Au NR, but not SnO2, will be excited.29 
According to the previous report, when irradiated plasmonic metal-semiconductor 
composite by visible light, hot electrons are generated in metal NPs due to their strong 
absorption by SPR band in the visible region. Subsequently, hot electrons will inject 
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into the conduction band of semiconductor.34, 35 Then, these electrons were captured 
by Ag+ ion, which were reduced to form Ag particles on the surface of 
semiconductor.29 As such, we expected that Ag+ ions will be reduced on the surface of 
SnO2 if using visible light to irradiate the system.  



























Figure 5.7 (a) UV-Vis extinction spectra of AuNR/SnO2 composite nanoparticles 
before and after irradiation with 775 nm CW laser for 35 min. (b) The TEM images of 
the formed Ag particles on the surface of AuNR/SnO2 nanoparticles after 775 nm 
continuous wavelength laser for 35 min. Both of these confirm the formation of Ag 
nanoparticles on the surface of AuNR/SnO2 composite nanoparticles. 
    Then, we did the control experiments by using 775 nm continuous wavelength laser 
instead of UV light. The intensity of the laser light is 100 mW/cm2. After irradiation 
for 35 min, formation of Ag nanoparticles can be clearly observed from the TEM 
images shown in Figure 5.7b. Comparison of the extinction spectra before and after 
775 nm laser light irradiation (Figure 5.7a), a clear extinction increase in the range of 
350 to 550 nm can be observed, which is due to formation of additional Ag NPs on 
the surface of Au/SnO2 composite nanoparticles. This growth followed the electron 
transfer process from metal to semiconductor at plasmon band excitation (Scheme 
5.2). Combined with the UV light induced Ag shell growth results, the light controlled 
Ag+ ions reduced processes further give us the observed proof for photoinduced 




Scheme 5.2 Proposed mechanisms to illustrate the growth process for Au/SnO2/Ag. 
5.3.4 Au/Ag/SnO2 as GSH sensing 














































































































Figure 5.8 Normalized extinction spectra of AuNS/SnO2 (a), Au/Ag/SnO2-660 (b), 
Au/Ag/SnO2-688 (c) and Au/Ag/SnO2-720 (d) in water-DEG liquid mixture solvent 
of varying volume ratios. 
    As known, localized surface plasmon resonance (LSPR) of metal nanoparticles is 
highly sensitive to the refractive index of their surrounding environments, which 
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makes them for the application of LSPR based molecular sensing.5, 6 Because the 
mesoporous SnO2 shell not only can stabilize the metal nanoparticles, but also can be 
permeable by the solvent or detected molecular. Mesoporous SnO2 shell coated metal 
nanoparticles are good candidates for LSPR based molecular sensing.  
To investigate the LSPR sensitivities of AuNR/SnO2, Au/Ag/SnO2-660, 
Au/Ag/SnO2-688 and Au/Ag/SnO2-720 to the refractive index of solvent, we 
measured the extinction spectra of these SnO2 coated metal nanoparticles in the water-
DEG mixture solvents with various ratio. The longitudinal LSPR bands of all these 
nanocomposites were found to redshift with the increase of solvent refractive index 
(Figure 5.8). And the linear regression analysis (Figure 5.9) of the redshift in LSPR 
band yielded a refractive index sensitivity of 240 nm/RIU (refractive index unit) for 
AuNR/SnO2, 302 nm/RIU for Au/Ag/SnO2-660, 372 nm/RIU for Au/Ag/SnO2-688 
and 442 nm/RIU for Au/Ag/SnO2-720, respectively. Comparing the RIU of these 
nanocomposites, it can be concluded that the larger index sensitivities were obtained 
by coating a Ag shell over Au NR, which further proves that AgNPs display larger 
refractive index sensitivity than AuNPs of the same shape.49 And the refractive index 
sensitivities follow the sequence that Au/Ag/SnO2-660 < Au/Ag/SnO2-688 < 
Au/Ag/SnO2-720, which further reveals that the index sensitivities of the same shape 
nanoparticles increase with increasing of their longitudinal plasmon wavelengths.38 
This indicates that coating Ag shell can increase the refractive index sensitivities of 
Au nanorods, while the thinner Ag shell gives higher refractive index sensitivity. To 
get more sensitive Au/Ag/SnO2, controlling the thickness of Ag shell is required. 
Compared to chemical reduction, the UV light induced Ag shell growth is easily to 
control by adjusting the light intensity and irradiation time. 
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 Au/Ag/SnO2 660 nm
 Au/Ag/SnO2 688 nm
 Au/Ag/SnO2 720 nm
 
Figure 5.9 LSPR band shift of Au/SnO2, Au/Ag/SnO2 with SPR at 660 nm, 688 nm 
and 720 nm versus refractive index of the medium. 
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Concentration of GSH (M)
 0    7     80
 1    8     100  
 2    9     200
 3    10   400
 4    20   600
 5    40   800
 6    60 
 
Figure 5.10 (a) Normalized extinction spectra of Au/Ag/SnO2-720 nm in the presence 
of different concentrations of GSH. (b) Plasmon shift versus the concentration of 
GSH. The inset shows that plasmon shift is linearly proportional to the concentration 
of GSH in the low concentration range. 
    To demonstrate the application of Au/Ag/SnO2-720 as LSPR based molecular 
sensing, GSH is used to detect the plasmon response. As known, GSH has thiol group 
and posses high affinity to metal surface.50 The normalized extinction spectra (Figure 
5.10) reveal that the LSPR of Au/Ag/SnO2-720 (concentration is ~42 pM) redshift as 
the increase concentration of GSH. A red shift of 40 nm for longitudinal surface 
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plasmon band of Au/Ag/SnO2-720 is obtained after GSH binding. And the calculated 
Limit of detection (LOD) was determined to be ~ 6.2x10-7 M, which confirms the 
application of Au/Ag/SnO2 for high sensitivity molecular sensing.50, 51 
5.4 Conclusions 
In summary, mesoporous SnO2 coated Au NR nanocomposite was designed and 
prepared by hydrolysis Na2SnO3 in base environment. The mesoporous SnO2 is 
permeable by environmental ions. Thus, we used light to control the deposition Ag on 
Au/SnO2 nanocomposite based on the electron transfer process between plasmonic 
metal and semiconductor under UV light or visible light irradiation. UV light induced 
Ag shell growth inside Au/SnO2 core/shell nanocomposite to successfully obtain 
Au/Ag/SnO2 nanocomposites by UV light irradiation. And Au/SnO2/Ag 
nanocomposite were prepared by visible light irradiation. A series of well-designed 
control experiments were done to define that the growth process was based on the 
electron transfer mechanism in plasmonic metal-semiconductor system. The 
Au/Ag/SnO2-720 nm nanocomposites show the highest sensitivity to the surrounding 
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Chapter 6. Conclusions and prospectives 
6.1 Conclusions 
    Combining plasmonic metal NPs with semiconductor is an outstanding approach to 
get multifunctional nanomaterials due to the unique optical properties of plasmonic 
metal and the photocatalytic abilities of semiconductor. For, metal-semiconductor 
nanocomposites, semiconductor can stabilize metal nanoparticles and extend their 
applications in harsh environments. Moreover, plasmonic metal can enhance the 
photocatalytic ability of semiconductor by absorbing visible light or reducing the 
recombination of electrons and holes. Actually, the applications of plasmonic metal-
semiconductor nanostructures are influenced by their size, shape and the organization 
of metal and semiconductor. Therefore, various strategies have been developed to 
prepare metal-semiconductor composites. However, up to now the plasmonic metal 
used for metal-semiconductor was limited to spherical metal, whose SPR band only 
can be tuned in a narrow range. To explore more metal-semiconductor nanostructures 
and develop their applications, we designed and prepared several new 
metal/semiconductor core-shell nanocomposites. 
    The primary objective of this study was to explore new methods to coat anisotropic 
metal nanostructure with TiO2 shell and prepare novel metal/TiO2 core/shell 
nanostructures with controllable size and shape. A simple method was developed to 
prepare uniform TiO2 coating on CTAC capped Au NRs and Au/Ag core-shell NRs 
by hydrolysis TTEAIP in the acidic environment. This method is different from the 
previously reported method, which coated TiO2 on hydroxypropyl cellulose stabilized 
Au NRs in ammonia and formed an anisotropic Janus type geometry. Since the Ag 
shell may be etched by ammonia, the reported method cannot be applied for coating 
Au/Ag NRs.  
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    The photocatalytic activities of Au NR/TiO2 and Au/Ag NR/TiO2 were evaluated 
by the degradation of methylene blue under visible light irradiation. The presence of 
plasmonic metal nanorods was found to enhance the photocatalytic activity of TiO2 
under visible light irradiation. In particular, the bimetallic Au/Ag nanorods displayed 
significantly enhancement in visible light photocatalytic efficiency. The enhanced 
photocatalytic activity may be due to effective light absorption by Au/Ag NRs, which 
subsequently inject the generated hot electrons to the conduction band of TiO2. The 
spatial charge separation prevents direct electron-hole recombination and 
consequently enhances the photocatalytic efficiency.  
To prove this proposed electron transfer mechanism between plasmonic metal core 
and semiconductor shell, reduction of silver ions on the surface of Au/Ag/TiO2 
composite nanoparticles was examined by 633 nm light irradiation. From the TEM 
image, Ag nanoparticles could be clearly observed on the surface of TiO2 shell. This 
suggests that when Au/Ag/TiO2 composite nanoparticles were irradiated with the 633 
nm light, Au/Ag NRs could be photo-excited and subsequently injected the generated 
hot electrons into the conduction band of the TiO2 shell. These electrons were 
captured by Ag+ ion, which were reduced to form Ag particles on the surface of TiO2. 
The possibility of direct excitation of TiO2 can be excluded since the band gap of 
TiO2 is too large to absorb the 633 nm light. This result has provided clear evidence 
that electron can transfer to semiconductor upon plasmonic metal excited. 
    Based on the above result that plasmonic metal can absorb visible light and further 
transfer to semiconductor, we further used AuNR/TiO2 core-shell nanocomposites as 
photosensitizer for singlet oxygen generation. Au NR was chosen to combine with 
TiO2, because its SPR can be tuned to the near-IR range, which is biological 
transparent range and can be used for deep tissue treatment. Here, the core-shell 
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structure was specially selected due to none toxicity of TiO2 shell, which has been 
proved by the dark cytotoxicity experiments. Under continuous wavelength laser 
irradiation, the singlet oxygen generation capability of AuNR/TiO2 is higher either 
than bare Au NR or TiO2. And the enhanced capability was due to the synergistic 
effect of metal and semiconductor. Firstly, metal can absorb near-IR light and inject 
to the conduction band of semiconductor. Secondly, electrons on the conduction band 
of TiO2 can reduce O2 to form O2•-. Thirdly, the O2•- radicals can be further oxidized 
to form singlet oxygen. This design is meaningful due to near-IR light activation and 
low toxicity of AuNR/TiO2. And AuNR/TiO2 as photosensitizer should have bright 
future in photodynamic therapy. 
    Different with TiO2, the conduction band of SnO2 is a little positive than the 
reduction potential of H2O, indicating that the electrons on the conduction band 
cannot reduce H+ in H2O. Therefore, more different applications can be developed by 
the combination of metal and SnO2. This thesis reported a series of metal/SnO2 
core/shell nanostructures by hydrolysis Na2SnO3 in basic environment. The 
preparation of AuNR/SnO2 and Au/Ag/SnO2 suggest that we successfully extended 
the reported method of coating citrate capped spherical Au nanoparticles to CTAB 
capped anisotropic nanorod structure. It was found that these metal/SnO2 core/shell 
NPs exhibited high stability and solubility in water, water-organic mixtures and pure 
organic solvents, which means the semiconductor can stabilize the metal NPs in 
different environments. The SPR peak of metal/SnO2 nanocomposites linearly redshift 
with the increasing of solvent refractive index. This indicates that the SnO2 shell is 
mesoporous, which allows the metal core to be directly exposed to the surrounding 
environment. The mesoporosity of SnO2 become the basis for its further application in 
SPR based molecular sensing, catalysis and photosynthesis. 
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    Firstly, the catalytic properties of metal/SnO2 nanomaterials for the reduction of 4-
nitrophenol by NaBH4 were investigated. It was found that the catalytic activities of 
metal nanoparticles were dramatically enhanced upon SnO2 shell coating. This 
contrasts with the previously reported results, which showed that TiO2 coating could 
stabilize the Au nanoparticles, but the catalytic activity was reduced. It may be 
explained that the mesoporous SnO2 shell could accept electrons from the metal core 
due to the Fermi level alignment between contact metal and semiconductor. This 
process could increase the chances for 4-nitrophenol to capture the electrons and 
improve the catalytic activity of metal nanoparticles. The improved catalytic abilities 
of metal/SnO2 core/shell composites may take a major step for the application of 
metal nanoparticles in catalyzing organic reaction. 
    Followed, we controlled the Ag reduction on different position of Au/SnO2 based 
on the mesoporosity of SnO2 and electron transfer mechanism between metal and 
semiconductor. It was found that Ag+ ions were reduced around Au core by UV light 
irradiation due to electron transfer from SnO2 to metal core. In contrast, Ag+ ions 
were reduced on the surface of SnO2 by visible light irradiation due to the electron 
transfer from metal core to SnO2 shell. Further, we chose these metal/SnO2 
nanocomposites for SPR based molecular sensing. It was found that the Au/Ag/SnO2 
nanocomposite with SPR at 720 nm showed the highest sensitivity to the surrounding 
refractive index, making it as good candidate for GSH molecular sensing. 
6.2 Future prospective 
    Being a preliminary study, the photocatalytic properties of metal/TiO2 work mainly 
focused on demonstrating that plasmonic metal can enhance the photocatalytic ability 
of TiO2 under visible light irradiation due to the charge transfer mechanism. However, 
it should be noted that this study did not take into account the charge transfer 
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efficiency due to the lack of theoretic knowledge and experimental techniques. It is 
necessary to confirm the efficiency, because it would affect the cost performance of 
these metal/TiO2 catalysts. And the cost performance would determine the possibility 
of industry application. To address this problem, future research should attempt to 
calculate the efficiency based on dynamic study or other techniques.  
    Furthermore, we just evaluated the photocatalytic activities of metal/TiO2 by dye 
degradation for theory study. As known, H2 is an ideal renewable energy for the 
future. The application of using metal/TiO2 as photocatalyst for H2 generation may 
further promote the progress for H2 exploitation. Therefore, it is meaningful to use 
metal/TiO2 as photocatalysts for H2 generation.    
    At last, it should be noted that their catalytic activities of metal/SnO2 showed 
noticeable reduction during recycle use. That may be because amino groups have a 
strong affinity to Au surfaces. The product 4-aminophenol can be adsorbed onto the 
noble metal, which cannot be removed by centrifugation. This may restrict the metal 
surface to contact with the reactant molecular 4-nitrophenol. To keep the recyclability 
of metal/SnO2, some treatments are required. It is recommended to boil the 
metal/SnO2 nanoparticles by sodium citrate before the next cycle use to remove the 4-
aminophenol from the metal surface.  
 
 
